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This study focuses on the coupling of coating and osmotic dehydration processes. Osmotic 
dehydration (OD) is a useful process to partially remove water from food materials before further 
drying. In this thesis, the effect of hydrophilic coatings including sodium alginate (SA) and low 
methoxyl pectinate (LMP) on mass transfer in apples and potatoes during OD and hot air drying 
has been studied. Mass diffusivities for water and solute during the OD using different osmotic 
agents have been evaluated based on a mathematical model that was derived from the analytical 
solution of Fick’s Second Law of diffusion. The influences of OD process temperature and 
concentration of osmotic solution on the mass diffusivities in the coated and non-coated foods 
were analyzed systematically through both experiments and mathematical modelling and 
simulation. The model was validated with experimental data, and the simulation results 
demonstrated how the OD operating conditions affected the mass diffusivities in the coated and 
non-coated foods. Larger dehydration index (DEI) was observed in the coated foods during the 
OD at a high temperature of 55°C. After the OD at 55°C by using a 65% sucrose solution, the 
moisture transfer behaviour in the coated and non-coated foods during a hot air drying was also 
investigated. A mathematical model derived from an analytical solution of Fick’s Second Law of 
diffusion was utilized to evaluate the moisture diffusion during the hot air drying. The model was 
numerically solved under three different conditions including no consideration of shrinkage, 
consideration of thickness shrinkage and consideration of density variation due to shrinkage. The 
effect of coatings on the diffusion rate during the hot air drying was analyzed. In addition, the 
model was validated with experimental data, and the simulation results demonstrated how the 





application of coatings prior to the OD and hot air drying resulted in higher rate of water 
diffusion. Microstructural characteristics and viscoelastic properties of the coated and non-coated 
foods after the OD and hot air drying were also investigated, as those characteristics and 
properties were closely related to shrinkage of the cells during the OD and hot air drying, which 




















“100% naturally processed product; people want it!” (http://www.whfoods.com/foodstoc.php). 
This slogan reveals the urgency of providing sufficient high quality healthiest processed food 
products and the critical role of development of new technologies to reclaim the products without 
changing so much in the characteristics of raw materials. On the other hand, drying technology 
has been widely used since ancient time to meet the demands and it is one of the food 
preservation methods by separating water from the raw materials. Numerous dried products are 
consumed or further used in various other products such as pastry, confectionery, ice cream, 
frozen desserts, marmalade, instant soup, snacks, pasta salads, and yogurt (Tuley, 1996; Torringa 
et al., 2001). Sun-drying is a conventional way of drying and alternative drying methods such as 
hot-air drying, vacuum-drying, freeze drying, etc have been adopted to save time and provide 
safe and consistent products even though they are high energy consumption processes. The high 
energy consumption is an economic concern that encourages the utilization of osmotic 
dehydration (OD) as an intermediate drying process prior to a final drying using one of the 
above-mentioned methods. OD is basically a minimal processing technology for fruits and 
vegetables by incorporating different types solutions such as glucose, sucrose, etc. OD could not 
be useful for more than a 50% weight reduction due to decrease in the water loss rate with time. 
Water loss mainly occurs during the first 2 h and the maximum solid gain within 30 min 
(Conway et al., 1983; Guenneugues, 1986; Giangiacomo et al., 1987; Torreggiani et al.,; 
 2 
 
1988a,b; Torreggiani and Toledo, 1990; Torreggiani, 1993; Fito & Chiralt, 2003 ; Giraldo et al., 
2003). Therefore, the shelf-life of OD products is not long due to microbial spoilage problem and 
potential health risk due to inability to remove much moisture content from food by OD 
(Castello et al., 2009). Complementary drying is necessary after OD to provide safe products for 
consumers. Fruits and vegetables consist of a complex system of nutrients such as carbohydrates, 
proteins, fats, vitamins and minerals (Barrera et al., 2004). With much reduced loss of many of 
these nutrients, the natural color, flavor and texture of fruits and vegetables can be better 
preserved by using OD and followed by further drying. Combination of OD and further drying 
processes such as hot-air drying, vacuum-drying, freeze-drying, etc. has been successfully 
commercialized, although not widely, and has been taken as a low cost, energy saving alternative 
to single drying processes (Fernandes et al., 2008; Chetan et al., 2006; Chiralt & Talens, 2005). 
A brief discussion on OD, its advantages and disadvantages and major improvements to 
overcome the limitations of OD will be introduced in the following sections. 
 
1.2 Osmotic Dehydration 
 
Osmotic dehydration (OD) is an intermediate drying process by submerging food materials in a 
hypertonic solution of salt or sugar or salt-sugar mixtures. Cellular membranes of food tissues, 
which are composed of living biological units, freely allow solvent (i.e. water) molecules to pass 
through, but to a lesser degree they also allow the passage of solute molecules. It is a process to 
partially remove water from food materials and it has drawn increased attention due to (1) its 
enhanced efficacy of maintaining volatile flavor and aroma without having much thermal stress 
on the food, (2) improvement in color retention and better texture with less heat deterioration 
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during the process, (3) reducing energy requirements for further drying of the food materials, and 
(4) incorporation of solute into food system to a certain extent leading to better nutritional or 
functional properties. Conventional single drying systems such as hot-air drying and freeze-
drying require a high level of energy consumption. In hot-air drying systems, very high 
temperature tends to cause loss of volatile flavor and aroma compounds, discoloration and 
cellular damage of food tissues. Freeze-drying is a very energy intensive process.  
 
During the OD process, two major counter-current mass flows take place simultaneously. Driven 
by a difference in their chemical potential between the osmotic solution and food material, water 
flows from the food to the osmotic solution through a semi-permeable membrane. 
Simultaneously, the osmotic agent flows from the osmotic solution to the food because the semi-
permeable membrane is not perfectly selective for transporting water (Torreggiani, 1993). The 
third mass transfer process is leaching of natural solutes such as sugars, acids, minerals, vitamins 
etc. into the osmotic solution that can affect nutritional and organoleptic characteristics of the 
food. The amount of mass flow by this third mass transfer process is negligible in comparison 
with the two simultaneous flows of water and osmotic agent (Dixon and Jen, 1977). This 
dehydration method has been studied by many researchers (Ponting et al., 1966; Ponting, 1973; 
Le Maguer, 1989; Roult-Wack et al., 1992; Torreggiani, 1993; Fito et al., 1994; Lazarides, 1994, 
1995; Raoult-Wack, 1994; Dalla Rosa et al., 1995; Lenart, 1995; Fito et al., 1998; Lazarides et 
al., 1999) and a continuous interest in the combination of OD and further drying has kept 
growing in the food industry not only for finished products, but also for ingredients which are to 
be included in more complex foods such as ice-creams, cereals, dairy, confectionery and bakery 
products (Torreggiani and Bertolo, 2001). Good quality dried products of fruits and vegetables, 
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in the form of cubes, slices, cylinders, or as a whole, have great potential because of their ability 
to maintain the original characteristics of raw materials (Ispir and Togrul, 2009). 
 
1.3 Limitations of osmotic dehydration 
 
Industrial applications of OD are rather limited due to unfavorable large solute uptake problems. 
Porous structure of fruits and vegetables could open a channel for higher solute uptake. Large 
solute uptake may cause the blocking of food surface leading to high resistance to water transfer 
during the subsequent complement drying processes such as freeze drying and hot-air drying 
(Lenart and Grodecka, 1989; Lazarides and Mavroudis, 1995). In addition, large solute uptake 
strongly affects the rehydration property of the dried product due to the trapping of solute within 
the porous structure (Ponting et al., 1966; Lerici et al., 1988; Lenart, 1991; Lazarides et al., 
1995). A new technology through applying edible coatings on foods before OD has emerged 
over the last decades, with its major developments only recently, aiming to solve the large solute 
uptake problem. To minimize solute uptake, coating was taken as a pre-treatment prior to 
osmotic dehydration (Camirand et al., 1968; Lewicki et al., 1984; Camirand et al., 1992; 
Ishikawa and Nara, 1993; Lenart and Dabrowska, 1997). Hydrophilic edible polymers were 
chosen as the coating materials, which were supposed not to cause adverse effects on water 
removal in food while limiting the solute uptake in it during prolonged exposure to an osmotic 
medium. Thin layer artificial membrane can be prepared by using colloidal hydrophilic materials 
such as corn starch, gelatin, low methoxyl pectinate (LMP), high methyl pectinate, amylopectin, 
gluten, maltodextrin, carboxyl methyl cellulose and so on. It has been reported that using some 
coating materials can efficiently reduce the extensive solute uptake without too much affecting 
 5 
 
water removal (Camirand et al., 1968; Lewcki et al., 1984; Ishikawa and Nara, 1993; Lenert and 
Dabrowska, 1997; 1999; 2001, Matsuka et al., 2004; Emam-Djomeh et al., 2006; Lazarides et al., 
2007, García et. al., 2010). It was also reported that hydrophilic coatings such as LMP provided 
both reduction in solute uptake and increase in water removal in coated samples compared with 
uncoated samples, although the coating contributed an additional barrier for water removal 
(Lenart and Dabrowska, 2001).  
 
Since 1968 when the concept of a combined process of coating and OD was first suggested, a 
few studies have been conducted on such systems.  Issues addressed in those studies include the 
effect of various coatings, either in single layer or multiple layers, on the rate of water removal 
and solid uptake in coated food, the effect of coating treatment on further dehydration process, 
and the physical characteristics of coated food after osmotic and convective drying. However, 
the process of coating prior to OD and further drying is still in development stage and is not used 
widely. In addition, there has been no report on the modeling of mass transfer and its kinetics in 
coated food during osmotic dehydration under various process conditions including process 
temperature and concentration of the osmotic solution. Such knowledge is essential for 
designing, optimizing and operating an industrial process. Moreover, there has been no 
investigation on textural properties and microstructure of food products after coating and osmotic 
dehydration. Furthermore, there has been no report on the effect of a total process of coating, 
osmotic dehydration and drying on mass transfer characteristics with shrinkage behavior and on 






The aim of this study was to develop a combined system of coating treatment and osmotic 
dehydration. It was hypothesized that osmotic dehydration of fruits and vegetables coated with 
hydrophilic artificial membrane of selected materials is able to significantly control solute 
uptake. Some hydrophilic coatings were applied not only to control the large solute uptake 
problem but also to allow water to penetrate better during the dehydration process. Osmotic 
dehydration of coated food was conducted under various process temperatures and 
concentrations of osmotic medium. Mass diffusion and its kinetics were investigated in order to 
understand the mechanism of simultaneous mass transfers during the osmotic dehydration of 
coated samples. Kinetic and diffusion models were developed. The efficacy and feasibility of the 
combined coating and osmotic dehydration system were evaluated.  In addition, the following 
issues were studied: (1) the effects of coating and osmotic dehydration on the textural properties 
and microstructure of dried food, (2) the effects of coating, osmotic dehydration and heat pump 
drying on mass transfer in food with consideration of shrinkage, and (3) the effects of coating, 




Coating prior to osmotic dehydration may provide an effective way to reduce large solute uptake, 
which is the major limitation of the osmotic dehydration process. Application of hydrophilic 
coatings could 1) provide an acceptable degree of water removal, 2) reduce microbial 
contamination, and 3) provide better retention of volatile flavor compounds, color and natural 
nutrients. Potential application of hydrophilic coatings prior to osmotic dehydration system will: 
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1) obviate the entering of low molecular weight osmotic agent with high osmotic pressure, 2) 
improve the quality of products with less shrinkage, 3) provide better product integrity, and 4) 
reduce the oxygen diffusion into the food. The combination of coating, osmotic dehydration and 
further drying process can be developed to produce high quality dehydrated products with less 
damage to cellular membrane structure, leading to higher water diffusivity during water removal 
in the process. 
 
1.6 Structure of thesis 
 
Fig. 1.1 shows the structure of this thesis. Previous works on coating, OD and further drying 
process will be reviewed in Chapter 2. Chapter 3 examines the efficacy of coatings on osmotic 
dehydration of coated potatoes under different process conditions. Chapter 4 presents the impact 
of different process conditions and osmotic agents on the osmotic dehydration of coated apples. 
Chapter 5 investigates the effects of maltodextrin coating on mass transfer characteristics in 
apple during osmotic dehydration and the textural properties on the apple tissue after osmotic 
dehydration. Chapter 6 presents experimental analysis of the performance of coatings and 
osmotic dehydration on drying behavior. Chapter 7 investigates the effects of coating on the 
microstructure of cellular materials after dehydration processes. Chapter 8 describes the effects 
of coating on the mechanical properties of dehydrated products. Finally, Chapter 9 provides 
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2.1 Osmotic dehydration process  
 
Osmotic dehydration (OD) is a dehydration process firstly reported by Ponting and his co-
workers (1966) for partial removal of water from water-rich cellular materials (fruits, vegetables, 
fish, meat and so on) without any phase change. Osmotically dehydrated products could be 
produced by directly immersing the raw materials in a highly concentrated solution of salt, sugar 
or mixture of salt and sugar under atmospheric pressure. OD has been used in the food industry 
to obtain desirable  sugared and salted products, intermediate moisture products which are fresh-
like products produced by combining water activity depression with other preservation factors, 
candied fruits and vegetables, jams and marmalade, and dehydrated products dried by both OD 
and complement drying (Barat et al., 2001).  
 
Fig. 2.1 shows the possible mass exchanges between food tissues and osmotic medium during an 
OD process. The following three main fluxes take place: 
(1) Due to the difference in its chemical potential between the food product and the osmotic 
medium, water flows from the product into the osmotic medium; 
 





















Fig. 2.1 Mass exchanges between the natural tissue and osmotic medium during osmotic process 
(modified from Torreggiani, 1993) 
 
 
(3) Some of the natural acids, vitamins, minerals and sugars in the food product leach  
      into the  osmotic medium. In comparison with the simultaneous flows of water and   
      solute, the third mass flux, i.e. the loss of these natural nutrients is quantitatively  
      negligible. However, it can cause a negative effect on the nutritional and  
      organoleptic quality of the food product (Dixon and Jen, 1977). 
 
OD becomes an attractive intermediate drying step before a final convective or freeze drying 
process. It provides several benefits such as: 
 removal of water without damaging fresh product quality; 
 good maintenance of the cell membrane characteristics of food product due to the mild 






















 better retention of color, volatile flavor and aroma components; 
 better protection against enzymatic and oxidative discoloration due to a solute layer 
deposited on the surface;  
 reduction of energy demand for the subsequent complement drying such as convective 
drying and freeze drying; 
 better control of product stability due to constant low temperature immersion in osmotic 
medium without a phase change for water removal. 
 
Lenart & Lewicki (1988b) observed that energy consumption in osmotic dehydration at 40°C 
with syrup re-concentration by evaporation was at least two times lower than convection air 
drying at 70°C. Over the last decade, the above benefits have encouraged researchers to apply 
OD as an intermediate dehydration step before further drying, aiming at better quality of final 
product. Several applications of OD in the fruit and vegetable processing are summarized in Fig. 
2.2. Recycling of the osmotic solution by evaporation of water is due to economic consideration; 
however, the extent of water removal will be greatly affected by the number of cycles. Although 
OD offers the above-mentioned benefits, it has a very undesirable feature of having extensive 
solute uptake which could produce a severely negative impact on the nutritional and organoleptic 
quality of the product.  Extensive solute uptake also results in a concentrated solid layer on the 
product surface, disturbing the osmotic pressure gradient across the food-medium interface and 
decreasing the driving force for water removal (Hawkes and Flink, 1978). Furthermore, the 
concentrated solid layer causes an additional resistance to water transfer and thus, further reduces 
the rate of water removal (Lenart and Grodecka, 1989). In addition, extensive solid uptake 




Fig. 2.2 Applications of OD in fruit and vegetable processing (adopted from Torreggiani, 1993) 
 
2.2 Process variables in OD 
2.2.1 Size and shape of product 
 
Mass transfer of water and solute mainly depend on the characteristics of the food. The geometry 
and size of the food product significantly affects the mass transfer of water and solute due to 
different surface area to thickness ratio. Various shapes could be considered, e.g. stick, slice, 
cube, ring, etc. Higher specific surface could get higher water loss and unfavorable solute uptake 
Fruits and 
vegetables (whole, 


























due to a surface-controlled process in comparison with lower specific surface (Lerici et al., 1985; 
Torreggiani, 1993). However, unfavorable larger solute uptake with lower water loss and weight 
reduction were found at above a certain threshold of surface area to thickness ratio, leading to a 
decrease in the effectiveness of osmotic dehydration (Lerici et al., 1985). This was due to slower 
dehydration with unfavorable extensive solute uptake. In addition, smaller size could attribute to 
cell damage during osmotic dehydration leading to a loss of contact between the cell wall and 
cell membrane (Rastogi et al., 2000; 2002).  Due to faster water loss because of the small size of 
the samples, protein denaturation takes place leading to damaged membranes quickly (Salisbury 
and Ross, 1992). The loss of integrity of the cell wall and the damage to cell membranes leads to 
decreased viability and eventually cell death (Ferrando and Spiess, 2001). 
 
2.2.2 Product pretreatment 
 
Product pretreatment processes such as sulphite blanching, high temperature blanching 
acidification, exposure to γ-irradiation and freezing cause structural damage leading to severe 
changes in water loss and solid gain. The integrity of semi-permeable membrane could be 
affected by the above-mentioned pretreatment processes leading to a higher solid uptake and a 
lower performance ratio (Pr), defined as the ratio of the amount of water loss (WL) to the amount 
of solute uptake (SG), i. e. WL/SG) (Ponting, 1973; Lerici et al., 1988; Biswal and Le Maguer, 
1989). Structural damage could result in greater solid transfer due to decreased tortuosity of the 
diffusion path (Oliveira and Silva, 1992). Permeability could be increased by using over-ripe 
food, pretreatments with chemicals, heat blanching or exposure to γ-irridiation leading to 
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undesired extensive impregnation and decrease in selectivity due to softening of plant tissues 
(Ponting, 1973; Karel, 1975; Islam and Flink, 1982; Rastogi and Raghavarao, 2004). 
 
2.2.3 Osmotic solution 
 
 Hypertonic solutions of several solutes alone or in combination have been used in osmotic 
dehydration processes. A high solute concentration provides a high osmotic pressure gradient, 
which acts as the driving force for dewatering. Therefore, a high concentration of osmotic 
solution favors more water loss compared to solute uptake (Hawkes and Flink, 1978; Islam and 
Flink, 1982; Conway et al., 1983; Raoult-Wack et al., 1989). The molecular size of the solute 
was a significant factor for effective dehydration (Hughes et al., 1958; Lenart and Lewicki, 
1987). The smaller the molecular size, the larger the penetration depth of solute due to fast 
movement of the osmotic agent (Hawkes and Flink, 1978; Bolin et al., 1983; Lenart and 
Lewicki, 1987, 1989; Lerici et al., 1988; Lenart, 1992; Lazarides et al., 1994). Smaller molecular 
size caused higher water loss and also higher solute uptake which might lead to a lower Pr (i.e. 
WL/SG). On the other hand, although solutes of larger molecular size could give lower solute 
uptake, leaching of natural nutrients could result before the solute entered into the food product 
(Lazarides, 1994). In addition, large molecular size osmotic agent affected the kinetics of water 
removal, solute gain and equilibrium water content. Furthermore, low molecular weight solute 
(e.g salt) could penetrate deeply into the cell and therefore a compacted surface layer may not be 
formed (Lenart and Flink, 1984a). The water removal rate could be increased by using large 
molecular weight solute, due to the diffusional difference between the solute and water as related 
to their different molar masses (Raoult-Wack et al., 1989). However, large molecular size solute 
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caused a barrier layer due to the accumulation of solute on the surface of the food. An increase in 
the concentration of osmotic agent caused an increase in the osmotic gradient that in turn lead to 
higher water removal. At the same time, larger solute uptake was also found and a lower Pr 
clearly indicated less effectiveness of the osmotic dehydration process when low molecular 
weight solute was used (Ponting et al., 1966; Hawkes and Flink, 1978; Islam and Flink, 1982; 
Conway et al., 1983; Lenart and Flink, 1984a; Pavasovic et al., 1986; Raoult-Wack, 1994; 
Lazarides et al., 1995). However, sucrose solutions with a concentration higher than 65% did not 
favor fast weight reduction (Ponting et al., 1966; Contreras and Smyrl, 1981). Furthermore, high 
concentration level of osmotic solution with mixed blends (e.g mixture of sucrose and salt) 
provided high rate of water removal with low solute uptake due to having lower water activity 
and sucrose-salt interactions (Collignan and Raoult-Wack, 1994). 
 
2.2.4 Process temperature 
 
Increasing process temperature resulted in a faster rate of water removal, through changing the 
semi-permeable properties of cell membrane. With the same solute concentration, higher 
temperatures favor faster water diffusion (Lazarides, 1994). It was reported that with a higher 
temperature much more water loss could take place without much increase in solid uptake 
(Ponting et al., 1966; Hawkes and Flink, 1978; Islam and Flink, 1982). Beyond 50°C, extensive 
solute uptake could happen with a drastic increase in water loss at the same time in most of the 
fruits and vegetables studied, as a result of heat-induced structural cell damage (Lazarides and 
Mavroudis, 1996) leading to higher solute uptake and lower Pr. Furthermore, high process 
temperature could have undesirable impacts on the food quality such as texture, flavor and color, 
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leading to enzymatic browning and flavor deterioration (Ponting et al., 1966; Farkas and Lazar, 
1969; Bongirwar and Sreenivasan, 1977; Lenart and Flink, 1984b; Lenart and Lewicki, 1990a, 
1990b). However, the optimum processing temperature depends on the type of food. Biswal et al. 
(1991) reported that better results were obtained at 20°C compared with 40°C for the osmotic 
dehydration of green beans with salt as the osmotic agent.  
 
2.2.5 Process duration 
 
Although a true equilibrium can be achieved only after a long period, it was reported that mass 
transfer was not significantly changed after 4 or 5 hours (Lenart and Flink, 1984b; Lazarides et 
al., 1995a). Therefore, experimental end-point should be considered carefully. Long-period 
osmotic dehydration could favour solute impregnation and limit water removal (Torreggiani, 
1993). 
 
2.2.6 Volume and movement of osmotic solution  
 
OD is also affected by the following two factors: 
(1) volume ratio of solution to food, and  
(2) solution movement relative to product surface. 
 
It was reported that an increase in the food-to-solution ratio (from 1:1 to 1:4.5) resulted in 
increased weight loss during osmotic dehydration of banana (Bongirwar & Srinivasan, 1977).  
As osmotic dehydration continues, the solution will become more dilute and the driving force for 
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water removal will be decreased. In order to investigate diffusion coefficients for both water 
removal and solute uptake by using Fick’s law, the solution concentration should be kept 
constant throughout the dehydration process. If the ratio is increased, more water loss will be 
resulted. In order to avoid a dilution effect caused by the water removal from the product, a food 
to solution ratio of around 1:20 is usually used. 
 
Agitation is necessary to produce a negligible external resistance to mass transfer at the product 
surface, to improve water transfer and to prevent the formation of a diluted solution film on the 
surface of the food. Such a film affects the moisture gradient between the product and osmotic 
media, leading to a reduction in the rate of water removal (Lazarides et al., 1995a). Degree of 
agitation significantly influences water loss but it has no significant effect on solid gain 
(Mavroudis et al., 1998). In addition, a thorough agitation is necessary for good mixing and 
control of the temperature in the osmotic medium (Lazarides et al., 1995a).  
 
2.3 Application of coatings in OD 
 
Carmirand and co-workers (1968) investigated how coatings affected the performance ratio 
during osmotic dehydration of olives and prawns. Performance ratio (Pr) was defined as the ratio 
of the amount of water removed to the amount of solute uptake. The osmotic treatment time was 
118 hrs and 72 hrs for olives and prawns respectively. Coating materials included starch and low 
methoxyl pectinate (LMP). For both foods, the coated samples resulted in better performance 
ratio compared to non-coated samples. The coated prawn and olives not only had the advantage 
of higher performance ratio but also had a tendency to get higher water loss. Fig. 2.3 shows the 
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performance ratios for non-coated and coated food reported by Camirand et al. (1968) and 
Lewicki et al. (1984). A significant noticeable improvement in the performance ratio was found 
for coated food. In comparison with the results of Camirand et al. (1968), Lewicki et al. (1984) 
observed higher performance ratio in the LMP-coated samples due to different characteristics in 
the cellular structures of apples by LMP coating. Lewicki et al. (1984) showed lower 
performance ratio for starch-coated apple and higher performance ratio for Ca-LMP- coated 
apples compared with non-coated apples. However, they found a lower water loss for Ca-LMP-
coated apples.  This could be due to the adverse effects of LMP coating on water removal, short 
duration of osmotic treatment and small size of samples. 
 
Lewicki et al. (1984) studied the effect of convective drying time and nature of the coatings on 
the rate of water loss during OD. Prior to osmotic dehydration, the apple slices were exposed to a 
sulfur dioxide atmosphere. They were then coated with 2.5% LMP and 1% starch separately. 
After that, coated and non-coated apples were convective-dried at 80°C for different time periods 
(0, 5 and 10 min), and then treated with 69% sucrose solution at 30°C. The osmotic dehydration 
was conducted for 8 hrs. The penetration of sucrose depended on the convective drying time for 
all three samples i.e. non-coated, pectin-coated and starch-coated apples. All three samples with 
ten minutes convective drying had lower sucrose content within the samples than those with five 
minutes convective drying and those without convective drying. This could be due to the high 
temperature during convective drying that led to changes in the cellular structure. The amount of 
sucrose penetration in starch-coated apples was approximately equal to that in non-coated apples. 
Thus, application of LMP led to a smaller amount of penetration in comparison with non-coated 
and starch-coated apples for three conditions (i.e. without convective drying, 5 min convective 
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drying and 10 min convective drying). Results indicated that LMP coating provided the best way 
for controlling sucrose penetration compared with starch coating. In terms of water loss, the  
 
Fig. 2.3 Osmotic dehydration of coated and non-coated food (Data from Camirand et al., 1968 
and Lewicki et al., 1984) 
 
water loss rate in starch-coated apples was greater than that in LMP-coated and non-coated 
apples under the three conditions. LMP-coated samples were found to have the lowest water loss 
rate compared to non-coated and starch-coated apples. Starch-coated apples showed the greatest 
water loss after 8 h osmotic treatment under the three conditions. Therefore, starch could not act 
as a barrier to solute intake as well as water loss. It was concluded that the combination of 
coating, short convective drying and osmotic treatment tended to control the solute intake. 
Longer time of convective drying led to significant slow movement of sucrose into the coated 
and non-coated samples. It was pointed out that coating material and time for convective drying 




















































   





Lewicki et al. (1984) particularly observed water loss and studied Pr during OD over a certain 
period of time. There have been not many studies on the rate of water loss and solute uptake 
during OD for coated samples. 
 
Carmirand et al. (1992) investigated the performance ratio in relation to water and solute 
diffusivities in the coating materials without food. A porous thimble was dipped into a polymer 
coating solution for 60 s; and using vacuum/pressure action from a syringe, a uniform coating 
was obtained. The thimble was then dipped into 5M CaCl2 for 30 s and it was washed with 
deionized water for 10 s. Further treatments such as ethanol washing and evaporation were 
needed. The thimble was soaked in three osmotic solutions (96% glycerol, 69% sucrose and 
51.5% dextrose) separately. A full diffusion cell was assembled by attaching a small diameter 
pipette tube with syringe to the thimble which was soaked in the osmotic solution. Water loss 
was measured by recording the water level in the pipette. Various coatings were used, including 
pure food-grade corn starch, ethyl cellulose, low methoxyl pectinate (LMP), sodium alginate, 
maltodextrin, methyl cellulose, potato starch and sodium polypectinate at various ratios. The 
greatest performance ratio was obtained with 10% ethyl cellulose coating solution in 96% 
glycerol osmotic agent, compared to other coating materials. However, it was found that ethyl 
cellulose with sucrose osmotic agent failed. For LMP coatings, 3% LMP with 69% sucrose 
solution provided the best results and 2.5% LMP did not perform well enough to get a high 
performance ratio. Application of coating mixtures, i.e. using more than one coating, resulted in 
similar or lower solid intake compared to a single coating material. So they concluded that the 
concept of application of single coating material or multiple coating materials could contribute to 
the dominant factor for getting the best performance ratio in osmotic dehydration.  
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Ishikawa and Nara (1993) reported that apple cubes (1 cm × 1 cm × 1cm) coated with chitosan 
gel could not restrain the penetration of sucrose. The coating was done by dipping the samples in 
1% chitosan-1% acetic acid solution for 30 s, followed by dipping them in 0.5% NaOH solution 
for 30 min to neutralize acetic acid. The amount of sucrose penetrated into coated apples was 
twice more than that in uncoated samples, using 60% sucrose solution. However, water 
penetration was not greatly affected by the coating. The increased solid intake by coated samples 
was due to the high pH of the neutralization solution. Higher pH tended to cause more damage to 
the coating, leading to larger solute intake. The effect of various pH of the neutralization solution 
on water loss and solute uptake was investigated by treating uncoated samples with the 
neutralization solutions prior to osmotic dehydration. The higher the pH, the more the damage to 
the cell wall, resulting in more solute uptake in non-coated samples. However, water loss was not 
much affected by the pH of the neutralization solution. For better performance, multiple coating 
cycles (3, 5, 7 and 10 cycles) were applied on apples by using chitosan. In order to get the best 
attachment between food and coating or cohesion between polymeric molecules of the coating, 
acidic condition was normally used. Therefore, coating materials can contribute to barrier 
properties that reduce solute uptake to a certain extent and at the same time provide pathways to 
water removal without affecting its rate too much because of porous nature of the coatings as 
they tend to have high permeability for oxygen and water (Wang et al., 2007; Rehm, B. H. A., 
2010). A buffer solution at pH 9.5 was used as the neutralizing solution. It was observed that 
several chitosan coatings could inhibit the solute uptake considerably. It was also found that 7-
cycle coating was the best for prevention of solute uptake, and water removal was not greatly 




Lenart and Dabrowska (1997) reported a comparison of the application of various edible 
polysaccharides in osmotic dehydration including capsule E (corn starch, 3 and 20%), Hi-Flo 
(corn starch, 3%), maltodextrin (DE-22.19, 20 and 50%), potato starch (3%), pectin (3%, HMP 
powder, degree of esterification-61.9%), and purified gum (corn starch, 3%). Apple cubes (1 cm 
× 1 cm × 1 cm) were dipped in polysaccharide solution at 70°C for 3 min and cubes were 
removed from the solution and dripped on a sieve and dried at 70°C in an oven for 10 and 40 
min. They were then dehydrated osmotically in 61.5% solution at 30°C for 10 and 180 min. Non-
coated samples were also osmotically dehydrated for comparison with coated ones for water loss 
and solute gain. Table 2.1 shows water loss and solid gain throughout the osmotic dehydration at 
different drying and osmotic treatment times. All coated apples lost smaller amount of water than 
non-coated apples except the gum-coated ones under the operating condition of drying time of 10 
and 40 min and osmotic treatment time of 10 min. Purity gum could achieve larger or similar 
level of water removal in comparison with uncoated samples. Therefore, purity gum was the best 
dehydrating agent in this experiment. However, it could not prevent large solid uptake. The 
amount of solute penetration was generally at the same level as that of non-coated samples. The 
amount of solid gain depended on both drying time and osmotic treatment time. The solute 
uptake in most of the coated apples with 40 min drying was  generally lower than that of the 
samples with 10 min drying. Longer drying time caused surface hardening of cell membrane, 
which in turn reduced the amount of solid gain. Longer osmotic treatment time led to larger 
solute intake compared to shorter osmotic treatment time. Negative solid gain (i.e. solid loss) 
was found in samples with 50% maltodextrin of DE-22.9 for both 10 and 180 min osmotic time. 
Possible reasons were suggested to be that using high molecular weight sugar (i.e. low dextrose 
equivalent solids, DE-22.19) led to leaching of natural solutes. In addition, Lazarides et al.  
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Table 2.1. Water loss and solute gain during osmotic dehydration of coated apples as a function 
of the type of coating, drying time and dehydration time (from Lenart and Dabrowska, 1997) 












Drying time of coating (min) 
 10 40  10 40 
Osmotic dehydration time (min) 
10 10 10 180 180 180 
  Water loss (g/g) 
Capsule E 30 1.17 0.2 0.49 3.47 3.25 3.05 
 20 1.03 0.22 0.56 3.3 2.2 2.52 
Hi-Flo 30 1.17 1.17 0.67 3.47 3.29 2.94 
Potato starch 30 1.17 1.02 0.28 3.47 2.87 2.51 
Maltodextrin 200 1.03 0.67 0.67 3.3 2.43 2.32 
 500 1.00 0.92 0.71 3.29 2.27 2.10 
Pectin 30 1.17 1.00 0.86 3.47 2.71 2.86 
Purity gum 30 1.17 1.59 1.34 3.47 3.36 3.28 
  Solid gain (g/g) 
Capsule E 30 0.20 0.11 0.14 0.53 0.61 0.45 
 20 0.19 0.12 0.11 0.58 0.32 0.25 
Hi-Flo 30 0.20 0.24 0.19 0.53 0.54 0.53 
Potato starch 30 0.24 0.33 0.10 0.59 0.66 0.40 
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Maltodextrin 200 0.19 0.14 0.19 0.58 0.32 0.32 
 500 0.2 -0.06 -0.11 0.53 0.02 -0.03 
Pectin 30 0.24 0.26 0.2 0.59 0.40 0.45 
Purity gum 30 0.20 0.3 0.26 0.53 0.57 0.51 
 
(1995a) studied the effect of maltodextrin’s DE value on solute gain under the condition of corn 
syrup of 55% solids and process temperature of 55°C. It was reported that only DE-42 produced 
a positive net solute gain and all other treatments (DE-38, 34, 30, 26, 22, and 18) resulted in 
negative net solute gains.  
 
Lenart and Dabrowska (1999) studied the osmotic dehydration of pectin-coated apples. Apples 
were cut into 10 mm cubes and 44040 mm slices. Low methoxyl pectinate (LMP) (0.5, 2 and 
4%) was used as the coating material and 2% CaCl2 as a cross-linking agent. Coating was done 
at room temperature. The coating and cross-linking process lasted for only 30 s. After coating, 
the coated apples were dried in a drying chamber for 10 - 40 min to dry the coating and treated 
with 61.5% osmotic solution (sucrose) by stirring under various process temperatures of 30, 50 
and 80°C. The ratio of product to solution was maintained at 1:4 (weight basis). Results showed 
that LMP coated apples had lower solid gain than that of non-coated samples. It was also well 
identified that the solid gain was significantly dependent on the concentration of coating 
solution. The smallest solid gain was found in apples coated with 2% pectin solution by 
increasing drying time of the coating from 10 to 40 min. Pectin coating seemed to promote the 
controlling of sucrose penetration. However, apples coated with 4% pectin solution caused 
greater solid gain than that of apples coated with 2% pectin. It seemed that there was a maximum 
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concentration of coating solution, above which solid gain cannot be reduced any more. 
Increasing coating solution concentration further led to a poor attachment of the coating to the 
food. Furthermore, the coating solution concentration significantly affected water loss from the 
samples. An increase in the concentration of coating solution led to a decrease in the water loss 
of the samples. In addition, drying temperature prior to osmotic treatment was a significant factor 
for water loss and solute gain. It was reported that an increase in drying time of the coating from 
10 to 40 min led to a decrease in solid gains (2-3 times) for apples coated with 0.5% pectin 
solution. A 30% decrease in solid gain for apples coated with 2% pectin was obtained by 
increasing the drying time from 10 to 40 min, and 5% decrease in solid gain for apples coated 
with 4% pectin. Furthermore, greater ratio of water loss to solute gain in coated apples was 
observed in comparison with non-coated apples. The ratio is a function of the concentration of 
coating solution and drying time. Use of 2% pectin with 10 min drying time was found to be the 
best for high water loss, low solid gain and high ratio of water loss to solid gain. 
 
The effect of process temperature on osmotic dehydration of coated and non-coated samples was 
also studied. There was not much difference in the rate of water loss between coated and non-
coated samples at 30 and 50°C; but at 80°C the difference was much more. In addition, coated 
apples had a significantly greater rate of water loss than non-coated ones at 80°C. For the rate of 
solid gain, at three different temperatures, there was not much difference between coated and 
non-coated samples in the earlier period of osmotic treatment. At later stage, there was a big 
difference between them for all three different temperatures, where the rate of solid gain for 
coated apples was lower than that of non-coated ones. For glucose as the osmotic agent, it was 
found that LMP could reduce solid gain more at the higher temperature of 80°C than at 30°C and 
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50C. Furthermore, it was found that the coating could provide stronger barrier effect for high 
molecular weight solutes such as sucrose in comparison with low molecular weight solutes such 
as glucose. 
 
Experimental results showed that coating on apples could be a solution for preventing the solid 
gain during osmotic dehydration. The concentration of coating solution, process temperature and 
drying time of the coating prior to osmotic treatment were process parameters influencing both 
the mass transfer concerning water loss and solute gain. The main contribution of coating was to 
prevent the solute gain; but it can also affect the water removal process. The coating acted as a 
barrier so it should normally reduce the water release from food. However, the study showed that 
the performance ratio of pectin-coated samples was greater than that of non-coated samples. And 
LMP produced the same or greater level of water removal from coated food compared to non-
coated food at three temperatures of 30, 50 and 80°C.  For both water loss and solute gain, 
equilibrium was found to have been achieved at 240 min for 30 and 50°C and 90 min for the 
highest temperature, 80°C. 
 
Lenart and Dabrowska (2001) reported a comparison of the above coating materials as well as 
2% LMP (degree of esterification-34%). LMP-coated apples were proved to have greater water 
loss than non-coated and other coated apples for all treatments, with drying time of 10 or 40 min 
and osmotic time of 10 or 180 min. Longer osmotic treatment time tended to cause greater water 
loss for LMP-coated apples. In terms of solid gain, LMP coating yielded smaller solid gain for 
longer osmotic time of 180 min than non-coated samples. For short osmotic time of 10 min, LMP 
coating could not make the solid uptake lower than non-coated apples. Therefore, research 
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findings have shown that the type of  coating materials, concentration, drying time after coating 
treatment and osmotic treatment time all play an important role in the resultant properties of the 
combined system of coating and osmotic dehydration in terms of water loss and solid gain.  
 
Matuska et al. (2006) applied coating materials on whole frozen strawberry, including 0.5 and 
1% sodium alginate (SA), 0.5 and 1% carrageenan, and 0.5% of 1:1 mixture of carrageenan and 
guar gum. The impact of single and double coating was examined for the efficiency of osmotic 
dehydration process. Frozen strawberries were dipped in the coating solutions for 30 s, drained 
for 30 s and then dipped for 30 s in 2% CaCl2 solution. For double coating, the samples were left 
on filter paper until the first layer was fixed for 15 min before the second coating and CaCl2 
dipping were applied. The highest water loss was found in non-coated strawberry and double-
coated with 0.5% SA solution after 6 hr osmotic dehydration in a 61.5% sucrose solution at 30°C. 
The lowest water loss was found in single-coated samples with 0.5% SA. Double-coated SA 
samples had 30% more water loss than single-coated SA samples. In addition, double-coated SA 
samples had the lowest solid gain, 43.5% less in solid gain compared to the non-coated samples. 
This was due to the fact that more prevention of solute uptake led to faster water removal.  The 
highest mass loss (23.4%) was found in the samples double-coated with 0.5% SA after osmotic 
dehydration of 6 hrs. The lowest performance ratio (WL/SG) was found in non-coated strawberry 
while the highest performance ratio was found in the samples double-coated with 0.5% SA. 
Furthermore, all coating treatments provided significantly higher performance ratio than that of 
non-coated samples. Thus, coated samples had better dehydration efficiency in terms of high 
water loss, low solid gain and high performance ratio after osmotic dehydration. The mass loss 
for other coating treatments was similar to that of non-coated samples. Moreover, another benefit 
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of SA-coated (single and double-coated) samples is its ability to minimize juice leakage during 
freeze/thawing (osmo-freezing). The samples without coating had the highest leakage after 
freeze/thawing. The lowest leakage was found in the samples coated with 0.5% SA once or twice.  
Samples coated with a 0.5% carrageenan-guar mixture gave a high leakage (36.4%) which was 
not statistically different from that of non-coated samples.  
 
Emam-Djomeh et al. (2006) studied osmotic dehydration of apple rings by using ternary osmotic 
glucose-salt solution. Apple slices (60 mm in diameter and 5 mm in thickness) were coated by 
dipping them in 0.5, 1, 1.5 and 3% carboxyl methyl cellulose (CMC) solution at 30°C for 30 s. 
Then the samples were soaked in 0.3% CaCl2 solution for 30 s. The surface of the samples was 
wiped with filter paper for 5 min and solidified in a dryer at 70°C for 5 min. Subsequently, the 
non-coated and coated samples by CMC 0.5, 1 and 1.5% were osmotically dehydrated for 4 hrs 
under three different conditions including 40% glucose combination with 2% and 4% NaCl and 
50% glucose combination with 2% NaCl, all with agitation (200 rpm). Osmotic process 
temperature was kept at 30°C. It was found that higher performance ratio (WL/SG) and lower 
solute gain were observed in the coated apples compared to non-coated ones. However, coating 
did not yield significant differences in water diffusivity between the coated and non-coated 
samples. Increasing the concentration of the osmotic solution led to increased water diffusivity 
for both coated and non-coated samples.  The effect of coating on solid gain was clearly 
observed. The coating decreased the sucrose and salt uptake effectively. The concentration of the 
coating solution was a significant factor that could influence on both water loss and solid gain. It 
was found that water loss in the coated samples was significantly increased by increasing the 
concentration of coating to 3% when compared with non-coated samples during the osmotic 
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dehydration under the three different conditions. However, there was no significant difference in 
water loss against the concentration of coating beyond 1% coating concentration. Sucrose gain 
and salt gain were significantly lowered by increasing the concentration of coating until 1.5%, 
above which the sucrose gain and salt gain could not be further reduced significantly. Diffusivity 
of water was not affected by coatings and could be increased by 25% for coated and non-coated 
samples with increasing of sucrose solution from 40 to 50%. A similar increasing trend for 
diffusivity of water was found when the salt concentration was increased. Furthermore, the 
diffusivity of salt was decreased by about 26% of that of non-coated samples when CMC coating 
was applied prior to osmotic dehydration. This effect was observed in the samples coated with 
1% CMC, and above 1% CMC; the diffusivity of salt remained constant. Among nine 
combinations of operating conditions, the optimum conditions were observed in terms of water 
loss, sugar uptake or salt uptake, water diffusivity and sugar/salt diffusivity when the samples 
coated with 1-3% CMC solution were osmotically dehydrated by 50% sucrose combined with 
2% salt solution. In conclusion, CMC was found to block the flux of solute molecules, providing 
higher osmotic pressure and greater water loss. 
 
Lazarides et al. (2007) investigated the effect of coatings and contact mode between product and 
osmotic solution on mass transfer during osmotic dehydration of potatoes. A SA solution of 0.5 
% was used for coating prior to OD. Sucrose solutions (30% and 50%) were used as the osmotic 
solution. To simulate co-current or counter-current mode, the product was transferred to 
solutions of decreasing or increasing concentrations at 1 hr intervals. For counter-current mode, 
the product started dehydration with a 30% sucrose solution (for the first hour) and finished 
dehydration with a 50% sucrose solution (during the 3rd hr of osmotic dehydration). For co-
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current mode, the products initiated dehydration with 50% sucrose solution for the first hour and 
finished dehydration with 30% sucrose solution during the 3rd hr of dehydration. Osmotic 
dehydration was carried out in a water bath shaker that was operated at 120 rpm. The ratio of 
solution to product was kept at 10:1. Osmotic dehydration time, initial solids content of the 
sample and interaction between osmotic dehydration time and initial solids content all played a 
significant role for water loss. Coating had no negative impact on water loss. Their findings 
showed that SA coating provided significant 6% reduction in solute uptake compared to non-
coated samples. These findings were similar to other researches on the application of coating 
prior to osmotic dehydration (Lenart and Dabrowska, 2001; Matuska et al., 2006). In addition, 
counter-current contact mode between SA-coated product and osmotic solution could reduce the 
solute uptake effectively when the solids content of raw materials was high. Performance ratio 
was found to be increased significantly not only due to the coating (30-45%) and but also due to 
the counter-current contacting (23-37%). By using the counter-current mode, greater 
performance ratio was observed for both coated and non-coated samples. Furthermore, 
performance ratio was drastically improved by up to 77% in the combination of SA coating and 
counter-current contact mode OD, compared to non-coated samples with co-current mode OD. 
The study by García et. al. (2010) also showed that chitosan coatings improved the efficiency of 
OD process of papaya cubes at both green and ripened stage, as favoring of water loss and 







2.4 Edible Coating Materials 
 
The application of edible coatings to food products started in the twelfth and thirteenth centuries 
(Hardenberg, 1967). Nowadays, it draws increasing attention in the food processing industry 
because it helps to successfully solve some of the quality deterioration problems faced with 
processing, storage and transportation. Hardenberg (1967) described that wax coating could 
prevent water loss from oranges and lemons because wax had high hydrophobicity. Kester and 
Fennema (1986) confirmed that edible coating materials could prevent not only water loss but 
also absorption of oxygen by fruits and vegetables. Many researches focused on the application 
of coatings to inhibit the surrounding effects leading to deterioration or shorter shelf-life of food 
materials. It was reported that edible coatings and films played an important role in the quality, 
safety, transportation, storage, and display of a wide range of fresh and processed foods. 
 
There have been many reports and patents regarding the application of edible coatings made 
from a variety of polysaccharides, proteins and lipids alone, or their mixtures forming composite 
films (Greener and Fennema, 1989a, 1989b; Kester and Fennema, 1986; Ukai et al., 1975; 
Corthan, 1951). The application of coating prior to osmotic dehydration was first reported in 
1968 (Camirand et al., 1968; Camirand and Forrey, 1969). More efficient osmotic dehydration of 
food could be achieved by the coating treatment prior to osmotic dehydration. A few studies 
reported on the application of coating prior to osmotic processes at atmospheric pressure for food 
materials, combined applications of coating and osmotic dehydration processes and their 
significance for food (Carmirand et al., 1968; Lewicki et al., 1984; Ishikawa and Nara, 1993; 
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Lenart and Dabrowska, 1999; Lenart and Dabrowska, 2001, Emam-Djomeh et al., 2006; 
Matuska et al., 2006; Lazarides et al., 2007; García et. al., 2010). It was reported that SA, LMP, 
CMC coatings and chitosan coatings could retard solute uptake and provide much more moisture 
loss than non-coated samples. Furthermore, incorporation of coatings as films will not only 
improve barrier properties such as good solute barriers during osmotic dehydration but also show 
good oxygen barrier, less microbial contamination and good controlling of volatile aroma and 
flavor during storage condition. The combined coating and osmotic dehydration provides greater 
integrity during osmotic dehydration and coatings could also deliver additional benefits in that 
coated food could stand low molecular weight solute with high osmotic pressure in osmotic 
dehydration (Carmirand et al., 1968; Lewicki et al., 1984; Carmirand et al., 1992; Wong et al., 
1994; Wong et al., 1994a; Lenart and Dabrowska,  2001, Matuska et al, 2006; Emam-Djomeh et 
al., 2006; Lazarides et al., 2007; García et. al., 2010). 
 
The following properties are important in the appropriate selection of a coating material for the 
application to food prior to osmotic dehydration: (1) good mechanical strength, (2) good sensory 
properties, (3) easy and rapid film formation, (4) high water diffusivity and low solute 
diffusivity, (5) the formed coating should not dissolve in the solution of the osmotic agent (Wong 
et al., 1994). Camirand et al. (1992) and Lewicki et al (1984) conducted research on the coating 
materials to fit the requirements for use in osmotic dehydration. They pointed out that the 
problems of using polysaccharide coatings in the osmotic dehydration process lay in their poor 
ability to form a stable coating because they cannot cross-link easily to form a network structure. 
Solutions of sodium alginate (SA) and low-methoxyl pectinate (LMP) can form insoluble gel by 
cross-linking with calcium chloride solution leading to strong gels (Skjak-Broek et al., 1989). 
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Gelation of SA and LMP is mainly governed by the interaction between alginate/pectin and 
bivalent calcium ions. Reactivity to calcium is caused by arrangement of carboxyl groups in SA 
and LMP. Twisting of non-crosslink polymers into cross-linkable polymers can overcome the 
non-stability of formed gel in osmotic dehydration and it provides an interpenetrating network 
structure (Sperling, 1988). Table 2.2 presents the most promising edible coating materials for 
coating prior to osmotic dehydration (Camirand eta al., 1992). Coating No. 2 and 12 used the 
same coating material, ethyl cellulose but different procedures of coating were used. In coating 
No. 2, evaporation method was used after coating the thimbles, and the dipping and evaporation 
were repeated for the second time. In coating No. 12, evaporation and coating were only done 
once. The highest performance ratio was achieved with ethyl cellulose as the coating and 
glycerol as the osmotic agent. For pure LMP coating, the best performance was obtained when 
using sucrose as the osmotic agent. Mixing of LMP with other coating materials PS, PFCS, and 
MC provided higher performance ratio compared to pure LMP coatings when sucrose was used 
as the osmotic agent. In addition, similar trend was found for pure LMP and LMP mixtures with 
other coating materials in osmotic dehydration, which used glycerol as osmotic agent. Of all 
coatings used in osmotic dehydration where sucrose was used as the osmotic agent, coating No. 
11 (pure LMP 4.5%) gave the highest performance ratio. Therefore, performance ratio was 
greatly influenced by the concentration of a coating material. It seemed that a greater 
concentration contributed to larger thickness leading to lower solid gain, which in turn increased 
the performance ratio. Higher performance ratios were also obtained by using mixture of some 
polysaccharide-based coating materials with LMP or SA, with glycerol and sucrose as the 
osmotic agent (Carmirand et al., 1992). Coating No. 5, 6 and 8 to 10 were mixtures of LMP and 
polysaccharides, and coating No. 7 was a mixture of SA and polysaccharide. The poor  
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Table 2.2 Comparative properties of some edible polymers used in the osmotic dehydration 
(from Camirand et al., 1992).  
No. Coating materials Mixing ratio/% 
used in coating 
(w/w) 
Performance ratio for three osmotic 
agents 
    sucrose glycerol dextrose 
1 PFCS  SA 1:3/3.6% - - - 
2 EC - 10% - - - 
3 LMP - 2.5% 3.66 3.02 1.49 
4 SP - 2.5% 2.13 1.63 1.40 
5 LMP MD 1:6/17.5% 4.27 2.82 1.56 
6 LMP PFCS 1:1.13/5.3% - 3.47 - 
7 PFCS SA 3:1/3.6% 4.66 4.03 - 
8 PS LMP 1:2.5/3.5% 4.66 4.37 2.04 
9 LMP MC 1:3.7/7% 7.31 3.70 - 
10 LMP PFCS 1:1.13/4% 8.06 5.08 - 
11 LMP - 4.5% 8.81 - - 
12 EC - 10% - 12.76 - 
PFCS = pure food-grade corn starch, SA = sodium alginate, EC = ethyl cellulose, SP = sodium 
polypectinate, LMP = low methoxyl pectin, MD = maltodextrin, MC = methyl cellulose, PS = 
potato starch. 
 
performance of polysaccharide-only-based films was due to their inability to cross-link. This 
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could be improved by mixing with cross- linkable edible polymers and a better performance ratio 
could be obtained subsequently. 
 
Cross-linkable hydrophilic coatings such as SA, LMP and CMC gave better performance ratio 
during osmotic dehydration (Camirand et al., 1992; Emam-Djomeh et al., 2006; Matuska et al., 
2006; Lazarides et al., 2007). Double coating of the samples with 0.5% SA gave higher water 
loss and lower solute uptake compared to non-coated and single-coated samples (Matuska et al., 
2006). Furthermore, carboxyl methyl cellulose (CMC) was found to be effective to lower salt 
diffusivity without affecting water loss during osmotic dehydration (Emam-Djomeh et al., 2006). 
From previous researches, cross-linkable hydrophilic coatings could be effectively used prior to 
osmotic dehydration process. Maltodextrin coatings were found to yield negative solid gains 
during an osmotic dehydration process even though it was a strong barrier for large solute uptake 
(Lenart and Dabrowska, 1997).   
 
2.5 Food materials studied under the combination of coating and osmotic 
dehydration 
 
Good performance ratio has been achieved in osmotically dehydrated food by coating fresh-cut 
products with edible materials prior to osmotic dehydration. Thin layers of coating prevent great 
solute uptake by the food. Table 2.3 lists the previously studied food, which was coated with 
edible materials prior to osmotic dehydration.  It is noticed that most of these food materials 
were fruits. Fruits are very sensitive to high temperature because they contain volatile 
components such as flavor and aroma compounds. Loss of volatile components is a major 
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problem in conventional high temperature drying.  
 
Table  2.3. Food substances used as coated food in osmotic dehydration 
Food substance Coating material Coating procedure Author 
Papaya Chitosan Dipping in 1% 
chitosan solution 
twice followed by 
oven drying at  
40 °C 
García et. al., 2010 
Potato SA Dipping in 0.5% SA, 
followed by dipping 
in CaCl2 solution 
Lazarides et al., 
2007 
Apple Carboxy methyl 
cellulose (CMC) 
Dipping in 0.5-3% 
CMC, followed by 
dipping in 0.3% 








Dipping in 0.5 and 




gum, followed by 







Apple LMP, HMP, Hi-Flo, 
Capsule E, Purity 
gum, maltodextrin, 
Potato starch 
Dipping in 0.5-4% 
LMP followed by 
dipping in CaCl2 





Piotrowski et al.,  
2000 
Apple Chitosan Dipping in 1% 
chitosan, 1% acetic 
acid followed by 
dipping in buffer 
solution 
Ishikawa and Nara, 
1993 
Apple LMP Dipping in 2.5% 
LMP and 1% starch 
and dipping in 
CaCl2 solution and 
drying 
Lewicki et al., 
1984 
Prawn LMP Dipping in 2% LMP 
and dipping in 
CaCl2 solution  
Camirand et al., 
1968 
Olive LMP Dipping in 2% LMP 
and dipping in 




CaCl2 solution  
 
Osmotic dehydration has been used as an intermediate drying step mostly for fruits and 
vegetables to preserve their color, texture, flavor and aroma. However, large extent of solute 
uptake causes the leaching out of natural acids during osmotic treatment, leading to adverse 
effect on taste. In addition, large solute uptake forms a layer that inhibits water exchange during 
further drying processes such as vacuum drying, freeze drying, convection drying and so on 
(Hawkes and Flink, 1978; Lenart and Grodecka, 1989; Lazarides and Mavroudis, 1995; 
Martinez-Monzo et al., 1998). Therefore, coating treatment prior to osmotic dehydration is a 
main solution to control those undesirable effects. Dipping film-forming technique was used for 
the coating treatment. Food was firstly dipped in a coating solution, followed by cross-linking 
with calcium chloride, draining of excessive coating from the product and allowing the film to 
solidify and drying by using paper filters or a dryer. So far, various studies only reported the 
success of controlling solute uptake in food materials by coating. In addition, some studies 
highlighted the impact of coatings on osmotic dehydration and conducted further treatments such 
as hot-air drying and freezing (Piotrowski et al., 2000; Matuska et al., 2006). 
 
2.6 Effect of coating treatment on the quality of food 
 
Scientific research on the application of edible coatings in food processing was started with 
dipping orange and lemons into wax to inhibit moisture loss (Hardenberg, 1967). Among the 
perishable food, fresh-cut fruits and vegetables have several limitations: (1) microbial 
contamination, (2) discoloration, (3) changes in texture, and (4) off-flavor and off-odor.  By 
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applying edible coatings, the coated-food provides the following benefits: (1) reduction of 
respiration, (2) inhibition of water loss and color changes, and (3) improvement in texture and 
mechanical integrity (Mchugh and Krochta, 1994; Baldwin et al, 1995a, 1995b; Nisperos-
Carriedo and Baldwin et al., 1996). The coating acts as a barrier for moisture loss, flavor and 
aroma loss and microbial growth (Nisperos-Carriedo et al., 1990; Kester and Fennema, 1986; 
Baldwin, 1994). Enzymatic browning, one of the major factors for deterioration of fruits and 
vegetables, is the discoloration resulting from the action of polyphenoloxydase enzyme 
(Nicholas et al., 1993; Vamos-Vigyazo, 1981). This enzyme is present in mushroom, potato, 
apple, banana, pear and most other fruits and vegetables. In order to prevent the enzymatic 
browning, blanching (i.e. thermal inactivation of enzymes) and chemical treatment with anti-
browning agents (e.g. sulphite blanching) were used as pre-drying treatments prior to osmotic 
dehydration. Those pre-drying treatments impart cellular damage in the fruits and vegetables 
leading to the problem of large solute intake. Coating application prior to osmotic dehydration 
has been taken as a better technique for controlling large solute uptake (Carmirand et al., 1968; 
Lewicki et al., 1984; Carmirand et al., 1992; Ishikawa and Nara, 1993; Lenart and Dabrowska, 
1999 and 2001; Emam-Djomeh et al., 2006; Matuska et al., 2006; Lazarides et al., 2007; García 
et. al., 2010). Several coating materials have been attempted. Previous studies have shown that 
the coated food has similar or greater water loss compared to non-coated samples, which means 
that coating food prior to osmotic dehydration would not adversely affect the dehydration rate. 
By using edible coatings after fresh-cut, enzymatic browning can be inhibited without 
undesirable sensory and toxic effect. Piotrowski et al. (2000) did a comparison between the 
properties of osmotically dried coated apples and raw apples. Apples were cut into 10 mm cubes, 
coated with LMP, dried osmotically for 2 hrs in 61.5% sucrose solution and then dried 
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convectively at constant air flow rate of 1.5 m/s at three different temperatures of 50, 70 and 
90°C. Non-coated samples had higher drying rate than coated samples at all three temperatures. 
The strongest influence on drying rate by air flow rate was observed at 90°C for both coated and 
non-coated samples. Increasing air temperature led to an increase in the drying rate. In order to 
investigate the physical properties of osmotic-convective dried coated apples, LMP, HMP, 
maltodextrin and purity gum were used as coating materials applied on apple cubes prior to 
osmotic dehydration. All coated samples were dehydrated osmotically in 61.5% sucrose solution 
at 30°C with stirring for 2 hrs, and then dried convectively in a dryer at 70°C with an air velocity 
of 1.5 m/s. Maltodextrin-coated apples gave the highest drying rate and gum-coated apples had 
the slowest drying rate. All coated samples regardless of the coating material used, showed less 
shrinkage after convective drying than non-coated samples. Apples coated with HMP showed the 
highest shrinkage (67.5%) among the coated samples, and this shrinkage was 1.5% lower than 
that of the non-coated samples. The coated apples exhibited higher water activity than non-
coated samples after convective drying. LMP-coated apples had the highest water activity among 
coated and non-coated apples. High process temperature can cause cellular damage leading to 
large solute uptake problem during osmotic dehydration. Coating treatment tends to make 
improvement in withstanding high process temperature. However, it is necessary to consider the 
physiological changes and microbial stability during storage and organoleptic properties related 
to the coating material.   
 
Matsuka et al. (2006) investigated the quality of SA-coated and non-coated strawberry by texture 
analysis after 6 hrs osmotic dehydration process. Samples were compressed at 10 mm/min to 
50% of the original height. There was no difference in hardness between the non-coated and 
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double-coated samples by 0.5% sodium alginate at two different process temperatures of 30 and 
50°C. However, higher firmness was found in both samples compared to raw strawberry after 
osmotic dehydration. Therefore, osmotic dehydration could provide stronger structure for both 
coated and non-coated samples.  After osmotic dehydration, the samples were frozen and thawed 
at room temperature to evaluate weight leakage. The highest leakage was observed in the non-
coated samples (40.4% of initial weight) and coated samples by 0.5% carrageenan-guar gum 
mixture (36.4% of initial weight) while the samples double-coated with 0.5% SA gave the lowest 
leakage. In this case, double coating of the samples prior to osmotic dehydration, freezing and 
thawing provided the highest product yield without dripping. The impact of the combination of 
coating and osmotic dehydration on color changes of food products was investigated by using a 
Minolta colorimeter. During the first 2hrs of the OD there was an almost identical response in 
color changes between the two non-coated and SA-coated samples (single layer). After 2 hrs of 
the OD, the two color curves began deviating from each other. Eventually, the single-layer SA-
coated product had a lower % of the primary components of light in the reflected light. Similarly, 
double-layers-SA-coated samples had no difference in the % of the primary components of light 
in the reflected light during first 2 hrs of the OD at 30°C and 50°C process temperatures. The 
higher process temperature treatment gave a significantly lower % of the primary components of 
light in the reflected light, indicating color deterioration after 2 hrs of the OD process. High 
process temperature seemed to affect color of the SA-double- coated products so that the SA 
coating did not provide a good retention of the color after 2 hrs of OD process. 
 
Emam-Djomeh et al. (2006) studied the effect of CMC coating on color saturation and overall 
appearance after osmotic dehydration of apples. It was observed that coating provided better 
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color and appearance of the osmotically-dehydrated samples compared to the non-coated and 
osmotically-dehydrated samples and the dried samples without coating and osmotic dehydration. 
Therefore, color could be modified by using coatings. The result is not in agreement with that of 
Matuska et al. (2006), which might be due to visual examination by the naked eye. In addition, 
taste of coated sample appeared to be more acceptable due to less sugar and salt diffusion into 
the samples.  
 
2.7 Commercial applications of osmotically dehydrated coated food  
 
Osmotically dehydrated intermediate-moisture food has drawn increased attention from 
consumers due to its ability to maintain the original fresh characteristics. Being able to reduce 
the adverse effects of convective hot air drying on food item, there is a high demand for 
osmotically dehydrated food. Osmotically dehydrated food provides better nutritional and 
sensory properties by dewatering-impregnation-soaking (Torreggiani and Bertolo, 2001). The 
osmotic syrup could be reused in food processes such as recycling for osmotic dehydration, 
candying, fermentation, etc. for better economic results. Coating process could prevent spoilage 
caused by polyphenoloxydase activity and microorganisms. In addition, coating prior to osmotic 
dehydration is one of the most promising active food coating applications because the coating 
could limit large solute uptake problem without affecting much on the water removal. 
Furthermore, the product by combined coating and osmotic dehydration is able to provide better 
organoleptic qualities after complement drying. However, very few commercial products exist 
today because it is still difficult to produce the products at a reasonable cost. Commercial 
applications depend on a number of factors including demand for the benefits provided and 
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competitiveness of alternative ways to reduce the large solute uptake. The alternative ways 
include: (1) use of more than one osmotic agent (Lenart and Flink, 1984a, b), (2) choice of 
osmotic agent (Lazarides et al., 1995a), (3) increasing process temperature up to 45°C (Lazarides 
and Mavroudis, 1996), and (4) increasing solute concentration, leading to high performance ratio 
(Hawkes and Flink, 1978; Lenert, 1991). Various studies have been done on using multi-
components salt-sugar aqueous solution as osmotic agent to increase the driving force as well as 
to limit the impregnation (Lerici et al., 1995; Lenart and Flink, 1984a, b; Lenart and Lewicki, 
1988; Sacchetti et al., 2001).  Using mixed osmotic solutions (salt/sucrose mixtures) provided 
higher water loss to solid gain ratio than each of the solutes in the mixed osmotic solution. The 
introduction of salt in the osmotic solution could cause further reductions of the moisture content 
of the fruit. The sodium chloride contributed to increase the overall concentration of osmotic 
solution, but its greater mobility appears to have been the real factor causing injuries to the tissue 
and increasing both water and sucrose diffusivity. In addition, previous studies showed that the 
solute penetration was dependent on the size of molecule. High molecular weight osmotic agent 
(e.g. low dextrose equivalent corn syrup solids) could decrease the solute uptake during osmotic 
dehydration (Hughes et al., 1958; Lazarides et al., 1995 and 1995a). However, low dextrose 
equivalent corn syrup (DE<42) tended to cause leaching of natural solute from the food leading 
to negative values of net solid gain (Lazarides et al., 1995a). Furthermore, increasing osmotic 
process temperature up to 45°C led to higher ratio of water loss to solute gain. However, 
temperature higher than 45°C might give adverse effects on both water loss and solute gain. 
Drastically high solid gain followed by large water loss resulted in lower performance ratio for 
temperatures greater than 45°C (Torreggiane, 1993; Lazarides, 1994; Dalla Rosa et al., 1995; 
Lazarides and Mavroudis, 1995; Lazarides et al., 1995b, Lazarides and Mavroudis, 1996).  For 
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long-time osmotic dehydration, increased solute concentration favored higher ratio of water loss 
to sugar gain (Hawkes and Flink, 1978; Lenart, 1991). Nevertheless, products from combined 
treatment of coating, osmotic dehydration and further drying should be commercially attractive 
because they could exhibit good quality in terms of textural properties and microstructure during 
osmotic dehydration without accumulation of large amount of solids and with extended shelf-
life. 
 
2.8 Mass transfer modeling in coated food during osmotic dehydration 
 
Measurements of diffusivities for both water removal from food and penetration of osmotic 
agent are needed in evaluating an osmotic dehydration process. As mentioned earlier, the useful 
parameter, performance ratio (Pr) is defined as the ratio of the amount of water-out to the amount 
of solute-in. Weight loss and the amounts of water loss (WL) and solute gain (SG) can be 
obtained from experimental results by using the following equations: 
 
ܹ݄݁݅݃ݐ݈݋ݏݏ ൌ ூீௐିிௐூீௐ ܺ100%                                                                                                (2.1) 	
SG ൌ ୊ୗି୍ୗ୍ୋ୛ X100%                                                                                                                     (2.2) 
 
 
WL ൌ 1 െ ቂ୊୛ି୊ୗ୍ୋ୛ି୍ୗቃ X100%                                                                                                       (2.3) 
 
	
௥ܲ ൌ ௪௔௧௘௥	௢௨௧௦௢௟௜ௗ௦	௜௡                                                                                                                              (2.4) 
 




௥ܲ ൌ 1 ൅ ூீௐିிௐிௌିூௌ                                                                                                         (2.6) 
                                                                                                                                                          
                                                                              
where IGW = initial gross weight of the sample, FW = final weight of the samples, FS = final 
solid content in food, IS = initial solid content in food, FW = final weight of the sample, Pr = 
performance ratio. Pr depends on many parameters such as size and nature of the food pieces, 
temperature, the nature of osmotic agent, the concentration of osmotic solution, duration of the 
experiment, degree of mixing and volume ratio of solution to food (Camirand et al., 1992). 
 
A mathematical model was established by Camirand et al. (1992) for the analysis of mass 
transfer between coating materials and osmotic solution medium without food. The diffusion 
process of the osmotic solute and water through the coating can be assumed to be at unsteady 
state. Therefore, mass exchange through the coating membrane can be approximated by Fick’s 
second law assuming diffusion through a membrane separating two well-mixed reservoirs and Pr 
is independent of membrane thickness, time, interfacial area and the geometry of the system.  
 
Material balance on any component “i” can be described as: 
 
                                                                                          (2.7) 
 
where Mi is the mass of component i in the reservoir, Di is the diffusion coefficient of component 
i through the membrane, Ki is the distribution coefficient of component i between the solution 
and membrane, ci1 and ci2 are the upstream and downstream surface concentrations of component 










For constant density, mass transfer of water and solute can be described as: 
 
                                                                                    (2.8) 
 
                                                                                    (2.9) 
where  Mwl is the mass of water loss, Msg is the mass of solute uptake,  xw1 and xw2 are water 
content before and after osmotic dehydration, and xs1 and xs2 are the solute content before and 
after osmotic dehydration.  
 
Since xs1+xw1=1 and xs2+xw2=1                                                                                    (2.10) 
 














KDP                                                                                                                   (2.12) 
The assumption is valid for any system where Pr is not a function of membrane thickness, time, 
interfacial area, and the geometry of the system. The model was used successfully for coating 
membranes separating two liquids. However, the osmotic dehydration system considered the 















coating. The model is able to evaluate mass transfer between coated food and osmotic solution or 
between two reservoirs. Diffusivities of water and osmotic solute are important factors to analyze 
Pr. 
 
Fick’s law for unsteady state diffusion is the most suitable model for determination of diffusion 
coefficients during an osmotic dehydration process. In most cases, mass transfer in food 
materials is assumed as one-dimensional flow. For water and solute transfer during osmotic 
dehydration assuming the coated food as an infinite slab, diffusion coefficient can be evaluated 
for well-agitated and limited volume ratio of solution to food by using Crank’s analytical 
solution to Fick’s second law (Crank, 1975) as follows: 
 
                                                     (2.13) 
 
                                                           (2.14) 
 
where WL, WL∞, SG and SG∞ represent the relevant water loss and solute gain at time t and 
equilibrium condition respectively: wt
w xxWL  0 , ww xxWL   0 , sst xxSG 0 , 
ss xxSG 0  , where x0w is initial water content of the sample (kg of water/kg of initial 
sample) , xtw is water content of the sample at osmotic dehydration time t (kg of water/kg of 
initial sample), x∞w is water content of the sample at infinite osmotic dehydration time (kg of 













































sample), xts is solute content of the sample at osmotic dehydration time t (kg of solute/kg of 
initial sample) and x∞s is solute content in the sample at infinite osmotic dehydration time (kg of 
solute/kg of initial sample). Dew and Des are the effective diffusion coefficients for water and 
solute respectively. t is osmotic time. l is the half thickness of food material together with thin 
coating layer. qn is the positive roots of equation tan qn = -αqn, where α is the volume ratio of 
osmotic solution to total food pieces. Thus, the analytical model of Fickian unsteady state 
diffusion can be used to estimate the diffusion coefficients during osmotic dehydration of coated 
food materials for an infinite slab in contact with the osmotic solution from both sides with the 
following assumptions: (1) uniform initial moisture distribution, (2) negligible external 
resistance to mass transfer, and (3) no sample shrinkage during osmotic dehydration, and with 
the following initial and boundary conditions: 
 
0CC   at t=0, -l<x<+l                                                                                               (2.15) 
1CC  at t>0,  x=l  
where C0 and C1 are initial and bulk concentrations, respectively.  
 
Depending on the geometry of food material, a suitable model could be chosen to estimate the 
effective diffusion coefficients for water as well as for solute during osmotic dehydration (Crank, 
1975; Azurara et al., 1992; Rastogi & Niranjan, 1998; Rastogi et al., 1999; Rastogi et al., 2002).  
 
Fick’s law for unsteady state diffusion is also the most appropriate model for evaluation of 
diffusion coefficients during hot air drying. Drying curves were investigated to study the kinetics 
of hot air drying as the further drying after OD (Giraldo-Zuñiga et al., 2004). Dehydration 
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kinetics can be analyzed by evaluating effective diffusion coefficient (Dew) by fitting 
experimental data to Fick’s second law of diffusion with consideration of falling rate period.  
 
Equation (2.16) can be used for estimation of Dew for infinite slab geometry: 
 
 
                                                                                                                                      (2.16) 
 
 where rM  is moisture ratio, w and we are moisture content (kg of water/kg of dry matter) at 
drying time t and ∞, respectively. w0 is initial moisture content of the slab product, which is after 
OD but prior to hot-air drying. Dew is effective diffusivity (m2/s), l is half thickness of the slab 
(m), t is drying time (s). Dew is affected by several parameters such as type of osmotic agents, the 
concentration of osmotic solution, temperature of drying, and the surface area of the samples, 
etc. Cell rupture during osmotic dehydration was observed to be affecting Dew (Bender et al., 
1982; Lazarides et al., 1996; Miller et al., 1997; Rastogi and Niranjan, 1998; Cháfer et al., 2001; 
Atarés et al., 2008; Atarés et al., 2009). Drying of agricultural products with large initial 
moisture content will produce a significant shrinkage effect upon drying. The shrinkage 
phenomenon should be taken into account with changing moisture content during drying to 
improve the model quality for analyzing diffusion coefficients.  
 
The distribution coefficient for the osmotic agent can be defined as the ratio of the equilibrium 
concentration of the osmotic agent in the food sample to the equilibrium concentration of the 




























(1992) used the solute concentration in the initial syrup instead of the solute concentration in the 
syrup at equilibrium with the assumption of very high mass ratio of solution to product: 
                                                                                                                   (2.17) 
where Kie is the distribution coefficient, and Yi0 and Xie are the mass fractions (wet basis) of the 
ith component in the initial syrup and food product at equilibrium, respectively. Some studies 
have been done to predict the distribution coefficients in osmotic dehydration of food (Rahman, 
1992; Rahman et al., 1996; Silveira et al., 1996; Rahman et al., 2001; Sablani and Rahman, 
2003).  
 
In conclusion, the models developed by Camirand et al. (1992) and the evaluation of diffusivities 
and distribution coefficients may be useful to determine the efficacy of the application of a 
coating on food prior to osmotic dehydration. 
 
Peleg (1988, 1988a) proposed an equation to describe moisture sorption curves that approached 
equilibrium asymptotically. This equation was adopted by Palou et al. (1994) to satisfactorily 
describe mass transfer during osmotic dehydration of papaya. The model was applied to study 
mass transfer kinetics during osmotic dehydration of apple by using combined salt-sucrose 
























0                                                                                                   (2.19) 
 
where xtw and x0w are the moisture content of sample (kg of water/kg of initial weight of the 
sample) at dehydration time t and the beginning, respectively while xts and x0s are the solute 
content of sample (kg of solute/kg of initial weight of the sample) at dehydration time t and the 
beginning, respectively. Model parameters are k1 and k2 which can be obtained by linear 
regression from experimental data of moisture and solute content during osmotic dehydration. At 















1                                                                                                            (2.21) 
 
Similarly, at t=0, the initial rates of mass transfer for water and solute are 1/k1w and 1/k1s 
respectively. Therefore, by using Peleg’s model, the initial rate of mass transfer and equilibrium 




The use of edible coatings prior to osmotic dehydration can help to solve the large solute uptake 
problem in typical osmotic dehydration of food materials. Due to the fact that a semi-permeable 
membrane can restrict the penetration rate of an incoming solute, the application of a coating is 
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considered as a pre-treatment step prior to osmotic dehydration. In this respect, it is necessary to 
consider not only the positive effects of the coating on solute penetration rate but also the 
negative effects on the water removal rate. Normally, an edible coating enables not only the 
reduction of solute uptake but also the enhancement of microbiological stability, with reduced 
changes in the nutritional and organoleptic properties of the product.  
 
This chapter has reviewed the research efforts to date, mainly focusing on the application of 
edible coatings and their effects on the water and solute diffusivities during osmotic dehydration 
in general. The formulation of a coating and its application has to be chosen appropriately to 
reach the goal for getting a high performance ratio. The literature covered quite a wide range of  
edible coating materials for the application of osmotic dehydration. As discussed in this chapter, 
significantly lower solute intake has been achieved with some coating treatments prior to 
osmotic dehydration.  However, there are still many problems for other coating materials, which 
tend to give similar or lower levels of performance ratios than non-coated samples. In addition, 
there are studies on the effects of oven-drying time after application of coating on the samples 
(where the oven-drying was for solidifying the coating), the nature of solute, the osmotic solution 
concentration and osmotic temperature, on the osmotic dehydration of coated food. Moreover, no 
systematic study was found in the literature to correlate the effect of osmotic dehydration process 
parameters such as the concentration of osmotic solution and process temperature on the mass 
transfer during osmotic dehydration of coated food. In this thesis, a successful combined system 
of coating and osmotic dehydration will be developed and the corresponding performance ratio, 
diffusivities and dehydration efficiency index (which is the ratio of diffusivity of water to 
diffusivity of solute) will be evaluated by using appropriate mathematical models in order to 
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maximize water loss and minimize solute gain. Furthermore, there has been no report on the 
impact of coating on combined osmotic dehydration and complement drying, i.e. a total drying 
process. Hence, this thesis will also examine the impact of coatings on combined osmotic 
dehydration and hot air drying with consideration of a shrinkage effect. No report has been found 
on the effect of the combination of coating, osmotic dehydration and hot air drying on the quality 
of food such as texture properties, mechanical properties and microstructure of the food. Thus 
the quality characteristics of coated food after combined osmotic dehydration and hot air drying 




















MASS TRANSFER DURING OSMOTIC DEYDRATION OF POTATO 
CUBES 
 
This chapter studies the coupling of edible coatings with osmotic dehydration (OD) of potato 
cubes under various process conditions. Modeling of mass diffusion and its kinetics were 
investigated to better understand the mass transport phenomenon in potatoes with coatings and to 
determine the efficacy of the coupled system. The application of coatings on potato cubes prior 
to OD influenced the performance of dehydration. Furthermore, both concentration of the 
osmotic solution and process temperature influenced the osmotic dehydration parameters such as 
the initial rate of mass transfer, the mass transfer at equilibrium, the performance ratio, the 
diffusivities for water and solute and the dehydration index. The initial rate of mass transfer and 
the mass transfer at equilibrium could be predicted by using Peleg’s model involving changes in 
water loss and solute uptake with OD time. In addition, the diffusivities of water and solute could 
be predicted by Crank’s analytical solution to Fick’s second law. At higher process temperature, 
better performance ratio and water diffusivities were observed for the coated potatoes due to the 




As discussed in Chapter 2, some researches focused on the coupling of coatings with OD of food 
(Camirand et al., 1968; Lewicki et al., 1984; Ishikawa and Nara, 1993; Lenart and Dabrowska, 
1997; Lenart and Dabrowska, 1999; Lenart and Dabrowska, 2001). In OD process, the driving 
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force for mass transfer is the concentration difference between the osmotic solution and food 
material. When operating an OD process, the concentration difference leads to water loss and 
undesirable large solute uptake. Briefly, a large solute uptake influences the properties of 
semiperrmeable membrane of fruits and vegetables leading to a reduction in the driving force 
and therefore reduced water loss during OD and further drying. A significant decline in the 
solute uptake by a coupling of coatings with OD has been reported as possible by the above 
researchers. However, the effects of process variables on the OD of coated food had not been 
studied before our work began.  
 
Most of the researches in the literature focused on the influence of main process variables such 
as concentration and composition of the osmotic solution, temperature, OD time, pre-treatments 
prior to OD, agitation speed, nature of food and its geometry, solution/sample ratio, etc. on the 
amount of mass transfer in OD, and product quality characteristics such as colour, rehydration 
capacity, product density, porosity, texture properties (hardness, brittleness, springiness, and 
cohesiveness) and sensory properties (flavor and taste perception)  have been studied extensively 
(Contreras & Smyrl, 1981; Islam & Flink, 1982; Conway et. al., 1983; Magee et. al., 1983; 
Beristain et al., 1990; Lenart & Lewicki, 1990 a, b; Rastogi & Raghavarao, 1994; Mavroudis et. 
al.,1998; Donsi et al., 1998; Nindo et al., 2003). However, there was no systematic assessment of 
the process variables on OD of coated foods in terms of fundamental mass transfer 
characteristics including performance ratio, effective diffusivities of water and solute, initial rate 




For OD, models have been developed to predict the mass transfer kinetics of OD at atmospheric 
pressure. Mechanistic and empirical models have been proposed by many researchers (Peleg, 
1988; Panagioutou et al., 1998; Shi and Le Maguer, 2002). Fick’s law of diffusion was widely 
used for mechanistic approaches to describe the mass transport phenomenon. The developed 
model, based on Fick’s unsteady-state law of diffusion, determines the amount of water leaving 
the food material and the amount of solute diffusing into the food material as a function of time. 
Even though it provides a useful description of the mass transfer, the model is only valid with a 
number of assumptions (Kaymak-Ertekin and Sultanoglu, 2000). The most important 
assumptions include: (1) constant concentration of the osmotic solution during OD, and (2) 
negligible surface resistance compared with the internal diffusion resistance (Lazardies et. al., 
1995), (3) uniform initial moisture and solute concentration (i.e., for infinite slab, C (l,0) = C0), 





C  at l = 0), and (5) neglecting shrinkage 
during OD. A number of investigators used Fick’s unsteady state law of diffusion to evaluate the 
effective water or solute diffusivity by simulating the experimental system with boundary 
conditions to overcome the assumptions in Fick’s law (Conway et al., 1983; Beristain et al., 
1990; Hough et al., 1993; Rastogi & Raghavarao, 1994; Kaymak-Ertekin & Cakaloz, 1996). By 
using the diffusion model, the effective diffusivity of water (Dew) and the effective diffusivity of 
solute (Des) become key parameters to optimize an OD process.  
 
In OD, moisture and solute contents of the food and those of the osmotic solution will reach 
equilibrium state after a certain period of time. Equilibrium kinetics of potato (Biswal et. al., 
1991), fish tilapia (Medina-Vivanen et. al., 1998), apple (Mosalve-Gonzlez et. al., 1993; 
Panagiotou et. al., 1998), banana and kiwi fruit (Panagiotou et al., 1998) and sardine sheets 
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(Corzo & Bracho, 2006) have been investigated during OD. Peleg (1988) developed a two-
parameter sorption model and evaluated its prediction accuracy during water adsorption of milk 
powder and whole rice, and soaking of whole rice. This model has been used to investigate 
sorption processes in various foods (Abu- Ghannam & McKenna, 1997; Maharaj & Sankat, 
2000; Sanjua´n et. al., 2001; Seyhan- Gurtas et. al., 2001; Sopade & Kaimur, 1999; Sopade & 
Obekpa, 1990; Turhan et. al., 2002). Palou et. al. (1994) studied simultaneous water desorption 
and sucrose absorption during the OD of papaya by using Peleg’s model. In the literature, there 
has been no report on using Peleg’s model for the OD of coated foods.  
 
The aim of the study in this chapter was to apply coatings on potato cubes prior to OD and 
examine the effects of process parameters such as the concentration of osmotic solution and 
process temperature on performance ratio (Pr), Dew and Des. The assumption of constant solution 
concentration in Fick’s law can be met by maintaining a high solution to food ratio at 20:1. In 
addition, the objectives of this study were: (1) to determine the applicability of Peleg’s model in 
evaluating the mass transfer during OD of coated food and (2) to determine the initial rate and 
equilibrium water and solute contents for OD at different concentrations of osmotic solution and 
process temperatures. Furthermore, different types of osmotic solutions and coating materials 
were used to evaluate the mass transfer in coated potato cubes in this study. 
 





Brown potatoes were purchased from a local market (NTUC Fair Price) in Singapore. Potatoes 
were stored at room temperature and in a dark place until  being used for experiments. Salt 
(NaCl, 99.5% purity, analytical grade, Merck, Germany), dextrose (C6H12O6.H2O, food grade, 
Sigma, U.S.A) and sucrose (C12H22O11, 99.5% purity, food grade, BDH, England) were used as 
osmotic agents. Sodium alginate (SA, Degussa, France) and low methoxyl pectinate (LMP, 
degree of esterification: 31.5%, Degussa, France) were used as coating materials for potatoes 
before OD. Calcium chloride (CaCl2.2H2O, food grade, 99% purity, Merck, Germany) was used 
as a cross-linking agent. Sodium hydroxide (Merck, Germany), hydrochloric acid (37% w/v, 
Merck, Germany), methylamine-hydrochloride (Fluka, Switzerland), 3, 5 dinitrosalicylic acid 
(Aldrich, U.S.A) were used as chemical reagents in the instrumental analysis. 
 
3.2.2 Coating treatment 
 
The following pre-processing and coating treatments were applied to potatoes prior to an OD. 
Potatoes were hand-peeled and cut into 1 cm3 cubes. The cubes were washed with water and 
immersed into aqueous solution of 1% sodium alginate (SA) or 2% LMP at room temperature for 
5 minutes. Then the cubes were removed from the coating solutions and dipped into a 1% CaCl2 
(for SA-coated cubes) or 2% CaCl2 (for LMP-coated cubes) solution for 30 minutes to have good 
cross-linking between calcium and the coating materials (SA or LMP). The cubes were removed 
from the CaCl2 solution and left at room temperature for 5 min to allow further cross-linking. 
Finally the cubes were washed with water to remove the excessive CaCl2 and blotted with filter 
paper. Both non-coated samples and coated samples were dipped in a 1% sodium metabisulphite 
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solution for 20 min to inactivate polyphenoloxidase enzyme activity prior to the coating 
treatment and OD.  
 
3.2.3 Osmotic dehydration (OD) 
 
OD was carried out in different osmotic solutions at various concentrations and temperatures. 
Thirty coated sample cubes were placed on a screen mesh in a beaker containing the osmotic 
solution. The beaker was kept in a water bath at 25, 40 and 55°C with magnetic stirring set at 
300 rpm. A sample to solution ratio of 1:20 was used in order to avoid dilution of the osmotic 
solution during the OD. At the 20th, 30th, 60th, 90th, 120th, 150th, 180th, 210th, 240th and 270th 
minutes, samples were withdrawn from the osmotic solution, blotted with filter paper and 
analyzed for moisture loss and solute uptake. Fresh osmotic solution was used for each of the 
experiments. Non-coated samples were also dehydrated osmotically under the same conditions as 
for the coated samples, to compare their mass transfer behaviours during the OD. Table 3.1 
shows the experimental design for both the non-coated and coated samples. All the experiments 
were done in triplicate and the average value was taken for modeling and calculations. 
 
3.2.4 Analysis of moisture  
 
Moisture content of the samples was determined by oven drying method (AOAC, 1995). 





Table 3.1 Experimental conditions for the osmotic dehydration process 
 




Concentration of osmotic 
solution (%w/v) 
Potato salt 25, 40, 55 10,14,18 
Potato  dextrose 25, 40, 55 45,55,65 
Potato  sucrose 25, 40, 55 45,55,65 
 
were kept in the oven for 24 hrs until constant weight was reached. The samples were cooled 
down in desiccators and weighed. Moisture content of the samples was then calculated from the 
sample weights before and after drying. Raw product’s initial moisture content was measured by 
the same method as above. Each measurement was taken in triplicate. 
 
3.2.5 Analysis of salt content 
 
Salt content of the samples was measured by using a conductivity meter (ES-14, Horiba, Japan). 
A sample was weighed and heated up in 50 ml deionized water for 30 min at 45C. The mixture 
of sample and solution was homogenized by a laboratory homogenizer (Braun, Germany) and 
centrifuged by using a centrifuge (Eppendorf 5804R, Germany) at 10, 800 x g and 40C for 15 
minutes. Then the solution was cooled down and the conductance of the solution was measured. 
The conductance value was compared to a standard curve to determine the corresponding salt 
content of the solution. The standard curve was made by using 6 standard salt solutions and their 




3.2.6 Analysis of dextrose content 
 
An accurately weighed amount of a sample was heated up in 50 ml water at 45C for 30 min. 
Then, the solution was homogenized by a laboratory homogenizer (Braun, Germany) and 
centrifuged by using a centrifuge (Eppendorf 5804R, Germany) at 10, 800 x g and 40C for 15 
minutes. Three ml of supernatant was then pipetted into a test tube and mixed with 3 ml of 
0.25% w/v methylamine in 0.25 M NaOH (Merck, Germany). Then the solution was heated for 
15 min by immersing the test tube in a boiling water bath, and then cooled at 0°C in an ice bath. 
Derivatised analytes were monitored at 400 nm by using a UV spectrophotometer. The 
absorbance value was compared to a standard curve to determine the corresponding dextrose 
content of the solution. The standard curve was made by using 6 standard dextrose solutions and 
their corresponding absorbance at 400 nm (Caceres et al., 2000).  Initial dextrose concentration 
in the fresh samples was also determined by using the above method. Each measurement was 
taken in triplicate. 
 
3.2.7 Analysis of sucrose content 
 
Soluble sucrose in the coated and non-coated potatoes was measured by spectrophotometric 
analysis. A sample was heated in 50 ml deionized water at 45C for 30 min, and then the 
solution was homogenized by using laboratory homogenizer ((Braun, Germany). The 
homogenized solution was centrifuged by using a centrifuge (Eppendorf 5804R, Germany) at 10, 
800 x g and 40C for 15 minutes. Two ml of supernatant was added into a test tube. Two ml of 
6M HCL was added into the test tube and the test tube was placed in a boiling water bath for 10 
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min. The test tube was removed from the boiling water bath and 8 ml of 2.5M NaOH was added 
into the tube and then 2 ml of 0.05M 3,5- dinitrosalicylic acid was added into the tube. The tube 
was then covered by parafilm and the mixed solution was shaken thoroughly, and the test tube 
was again placed in the boiling water bath for 5 min. After that, the tube was removed from the 
water bath and immediately placed in an ice bath and kept for 10 min. The absorbance of the 
solution was determined by using UV-spectrophotometer at 600 nm. The absorbance value was 
against a standard curve to determine the corresponding sucrose content of the solution. The 
standard curve was made by using 6 standard sucrose solutions. The standard solutions were also 
reacted with 3,5-dinitrosalicylic acid by using the same procedures as described earlier and their 
corresponding absorbance was measured at 600 nm (Miller, 1959). Initial sucrose concentration 
in the fresh samples was also determined by using the above method. Each measurement was 
taken in triplicate. 
 
3.2.8 Mathematical modeling and statistical analysis 
 
Mass transfers of water and solute uptake were modeled according to the following kinetics 
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                                                                                                                           (3.4)
 
 
where xtw and x0w are the moisture content of a sample at time t and beginning, xts and x0s are the 
solute content of the sample at time t and beginning, respectively. The term dM/dt is mass 
change with time for water loss and solute uptake. The inverse values of k1 and k2 are the initial 
rate of mass transfer and the mass transfer at equilibrium, respectively. Values of k1 and k2 were 
obtained by linear regression. The model was validated by using additional sets of data at the 
intermediate 45th, 75th, 105th and 135th min. Data on water loss and salt gain between different 
temperatures and concentrations of the osmotic agent were analyzed by using one way ANOVA 
test. 
 
Rates of moisture loss and solute uptake were also modeled by using the analytical solution to 







































                                                                              (3.6) 
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where WL and WL∞ are the amounts of water loss at time t and ∞, respectively. SG and SG∞ are 
the amount of solute uptake at time t and ∞, respectively.  is the volume ratio of solution to 
sample, Dew is the effective diffusivity of water (m2/sec), Des is the effective diffusivity of solute 
(m2/sec), l is half thickness of the sample and qn is the positive roots of  equation tan qn=-qn. 
The above equations are valid for an infinite slab in contact with the osmotic solution from both 
sides with the following assumptions: (1) uniform moisture distribution, (2) negligible external 
resistance to mass transfer, and (3) no sample shrinkage during the OD process. 
 





















































                                                                 (3.8) 
 
In this model, the first and second roots were used. The equations were numerically solved by 






3.3 RESULTS AND DISCUSSION 
3.3.1 Kinetic model 
 
The coupling of edible coatings with OD of potato cubes was conducted under various process 
conditions. The kinetic models developed by Peleg (1988) (i.e Eqs. (3.1) and (3.2)) were used to 
investigate the mass transfer in non-coated potatoes and coated potatoes by both SA and LMP.  
Firstly, the initial rate of water loss/salt uptake and the amount of water loss/ salt uptake at 
equilibrium were evaluated by linear regression. Tables 3.1-3.4 present the values of kinetic 
model parameters such as initial rate of water loss/solute uptake and the amount of water 
loss/solute uptake at equilibrium, corresponding to the process variables i.e. the concentration 
and temperature of the osmotic solution. Regression coefficients for all values varied from 0.961 
to 0.998 for water loss and 0.952 to 0.99 for salt uptake. The models showed a strong 
dependency of the mass transfer kinetics on the process variables. Figs. 3.1-3.8 show the effects 
of process variables on the kinetic model parameters. As shown in Fig.3.1, the initial rate of 
water loss in all three types of samples (i.e. non-coated, SA-coated and LMP-coated potatoes) 
increased as the concentration of the osmotic solution increased. At 55C, the linear relationship 
with the concentration of salt was stronger than that at the other temperatures. An increase in the 
solution concentration at higher temperature led to higher osmotic gradient resulting in faster 
initial water transfer. High temperature seemed to be a driving force for a fast water removal at 
the beginning of the process. As shown in Figs. 3.1 and 3.3, the initial rate of water removal was 
dependent on both concentration and temperature of the osmotic medium. The SA-coated and 
LMP-coated samples showed the same increasing trend as the non-coated samples with the 
concentration and temperature of the osmotic medium. Increasing process temperature to 55°C 
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led to greater increase in the initial rate of water loss. It was also found that the initial rate of 
water loss in the coated samples was lower than that in the non-coated samples due to the 
characteristic changes in the membrane properties because of coating. 
 
Table 3.2 Influence of the temperature and concentration of salt solution on the initial rate of 
water loss 
Temperature (°C) 25 40 55 
Concentration (%) 10 14 18 10 14 18 10 14 18 
Samples Initial rate of water loss (x10-4 kg/s kg) 
n-c 1.115 1.166 1.381 1.467 1.600 1.688 2.112 2.414 2.656 
a-c 0.899 0.971 1.019 1.159 1.395 1.419 1.964 2.118 2.474 
p-c 1.031 1.071 1.255 1.284 1.460 1.535 2.063 2.263 2.506 
n-c-non-coated, a-c-SA coated, LMP -coated 
 
Table 3.3 Influence of the temperature and concentration of salt solution on the water loss at 
equilibrium 
Temperature (°C) 25 40 55 
Concentration (%) 10 14 18 10 14 18 10 14 18 
Samples Initial rate of water loss (x10-4 kg/s kg) 
n-c 0.1161 0.1227 0.1317 0.1228 0.1300 0.1331 0.1455 0.1504 0.1508 
a-c 0.1147 0.1157 0.1226 0.1217 0.1220 0.1291 0.1429 0.1448 0.1463 
p-c 0.1158 0.1221 0.1237 0.1220 0.1303 0.1320 0.1441 0.1467 0.1484 





Table 3.4 Influence of the temperature and concentration of salt solution on the initial rate of salt 
uptake 
Temperature (°C) 25 40 55 
Concentration (%) 10 14 18 10 14 18 10 14 18 
Samples Initial rate of water loss (x10-5 kg/s kg) 
n-c 6.285 6.933 7.267 7.475 8.927 9.602 10.132 13.413 14.778 
a-c 5.468 6.245 6.538 6.592 6.997 7.168 6.715 7.083 7.968 
p-c 6.147 6.335 7.003 7.132 7.375 8.252 7.400 7.688 9.383 
n-c-non-coated, a-c-SA coated, LMP -coated 
 
Table 3.5 Influence of the temperature and concentration of salt solution on the salt uptake at 
equilibrium 
Temperature (°C) 25 40 55 
Concentration (%) 10 14 18 10 14 18 10 14 18 
Samples Initial rate of water loss (x10-5 kg/s kg) 
n-c 0.0697 0.0737 0.0793 0.0711 0.0769 0.0818 0.0833 0.1061 0.1096 
a-c 0.0646 0.0679 0.0701 0.0666 0.0700 0.0719 0.0832 0.0886 0.0892 
p-c 0.0679 0.0718 0.0727 0.0688 0.0731 0.0771 0.0863 0.0912 0.0923 
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Fig. 3.3 Effect of temperature on the initial rate of water removal 
 
With respect to the water loss at equilibrium, similar treand was observed to that of the initial 
rate of water loss. The water loss at equilibrium was increased as the temperature and 
concentration of the osmotic medium increased (Figs 3.2 and 3.4). The water loss at equilibrium 
was less dependent on the concentration in comparison with the temperature of the osmotic 
medium. Higher temperatures showed greater effect on the water loss at equilibrium. Both the 
coated and non-coated samples showed similar increasing trends with the two process variables.   
  
Figs. 3.5 and 3.7 show the effect of the concentration and temperature of the osmotic solution on 
the initial rate of salt uptake. Increasing the concentration of the osmotic medium could increase 
the initial rate of salt uptake, where the driving force was the osmotic pressure gradient between 
the sample and the osmotic medium. In addition, the initial rate of salt uptake in the non-coated 
samples was significantly higher than that in the coated samples at 55°C. The higher the 
concentration of the osmotic medium, the more significant the difference was, which was due to 





























selectivity at higher temperatures. According to these results, cellular damage was controlled by 
coating the potatoes with SA and LMP, which resulted in lower initial solute uptake in 
comparison with the non-coated samples. The initial rate of solute uptake in the non-coated, SA-
coated and LMP-coated samples was all affected by the temperature of the osmotic medium. It 
was seen that temperature had a much stronger effect at higher salt concentration of 14 and 18% 
than at lower salt concentration of 10% in the non-coated samples. The parameter 1/k1s for the 
non-coated samples seemed to be greatly affected by temperature over 40°C. In the samples 
coated by SA and LMP, the initial rate of solute uptake had a positive linear relationship with the 
temperature of the osmotic medium. At the three different concentrations studied, no drastic 
increase in the solute uptake was found in either of the coated samples.  
 
Figs 3.6 and 3.8 show how the process variables affect the salt uptake at equilibrium. Increasing 
the concentration of the osmotic agent led to an increase in the solute uptake at equilibrium in the 
non-coated and coated samples. At 55°C, the salt uptake in equilibrium in the coated samples 
was not significantly affected by the concentration of the osmotic agent above 14%. Solute 
uptake at equilibrium in the non-coated and coated samples was positively influenced by the 
process temperature, while influence was greater at temperatures over 40°C. Salt uptake at 
equilibrium in the non-coated samples was significantly higher than that in the coated samples at 
55°C. Thus, the higher temperature caused a loss of selectivity in the potato cell membrane 
leading to greater salt uptake. 
 
Statistical analysis revealed significant differences among the data for the non-coated and coated 
samples over the three different temperatures and the three solute concentration levels. From the 
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ANOVA test, data under various process conditions were significantly different at p<0.05. This 
shows that the temperature and concentration of the osmotic solution can be used as the control 
variables for the non-coated and coated samples. Additional experiments were conducted for 
validating the models. Triplicates were taken at the 45th, 75th, 105th, and 135th min to analyze the 
water loss and salt uptake. Figs. 3.9 and 3.10 show the comparison between the experimental and 
model predicted values of water loss and salt uptake. It was found that the experimental data 
could fit into the kinetic model very well, with a good linear correlation between the 
experimental and predicted values with the determination coefficient (R2) ranging from 0.9722 to 
0.9923 and mean square error (MSE) ranging from 3*10-5 to 5*10-4. 
 
3.3.2 Diffusion model 
 
Effective diffusivity is an important mass transfer property in osmotic dehydration. In order to 
calculate the effective water and solute diffusivities (Dew and Des), a number of studies used 
analytical solutions of Fick’s second law (i.e Eqs. (3.5) and (3.6)) to estimate Dew and Des 
(Beristain et al., 1990; Conway et al., 1983; Hough et al., 1990). Only the first term of the series 
in the equations was used, and the estimated values could be easily obtained from the slopes of 
the plots of the normalized moisture and solute contents versus time. However, the physical 
definition of WL/WL∞ and SG/SG∞ might vary in different studies. For example, it has been 
defined as the ratio of soluble solute concentration to total solid concentration (Hawkes & Flink, 
1978), the ratio of molality of solute in osmotic solution to that in food pieces (Magee et al., 





Fig.3.4 Effect of temperature on the water removal at equilibrium 
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Fig.3.6 Effect of concentration on salt uptake at equilibrium 
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a-c, 25 C, 10%
a-c, 25 C, 14%
a-c, 25 C, 18%
p-c, 25 C, 10%
p-c, 25 C, 14%
p-c, 25 C, 18%
a-c, 40 C, 10%
a-c, 40 C, 14%
a-c, 40 C, 18%
p-c, 40 C, 10%
p-c, 40 C, 14%
p-c, 40 C, 18%
a-c, 55 C, 10%
a-c, 55 C, 14%
a-c, 55 C, 18%
p-c, 55 C, 10%
p-c, 55 C, 14%




Fig. 3.10 Validation of the kinetic model for salt uptake 
 
In our study, to estimate Dew and Des more accurately, the first two terms of the series in the 
analytical solutions of the Fickian diffusion model (i.e. Eqs. 3.5 and 3.6) were used. This 
estimation was carried out through non-linear regression. Table 3.5 and 3.6 list the values of the 
effective Dew and Des in the coated and non-coated potatoes. Higher Dew and Des were obtained 
for the coated and non-coated samples by increasing the concentration of the osmotic solution for 
all the three types of samples. Increase in the chemical potential caused an increase in the 
osmotic gradient that led to increased diffusion mass transfer. In addition, as the process 
temperature increased, water could diffuse more rapidly into the non-coated and coated samples. 
As shown in the two tables, temperature seems to have significantly greater effect on the 
diffusivity of water (Dew) in the non-coated, SA-coated and LMP-coated potatoes, in comparison 



























a-c, 25 C, 10%
a-c, 25 C, 14%
a-c, 25 C, 18%
p-c, 25 C, 10%
p-c, 25 C, 14%
p-c, 25 C, 18%
a-c, 40 C, 10%
a-c, 40 C, 14%
a-c, 40 C, 18%
p-c, 40 C, 10%
p-c, 40 C, 14%
p-c, 40 C, 18%
a-c, 55 C, 10%
a-c, 55 C, 14%
a-c, 55 C, 18%
p-c, 55 C, 10%
p-c, 55 C, 14%
p-c, 55 C, 18%
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Table 3.6 Effective diffusion coefficients of water 
Dew [ *10-10] (m2/sec) 
 25C 40C 55C 
 10% 14% 18% 10% 14% 18% 10% 14% 18% 
n-c 8.652 9.557 9.935 10.120 11.151 11.493 11.811 12.094 12.279 
a-c 7.884 8.409 9.455 10.342 11.589 11.956 12.912 12.817 13.077 
p-c 8.012 9.467 9.871 11.083 12.037 12.304 12.943 13.203 13.212 
n-c-non-coated, a-c-SA coated, LMP -coated 
 
Table 3.7 Effective diffusion coefficients of salt 
Des [ *10-10](m2/sec) 
 25C 40C 55C 
 10% 14% 18% 10% 14% 18% 10% 14% 18% 
n-c 8.169 9.073 9.879 9.881 10.601 11.368 11.185 11.686 12.179 
a-c 7.863 8.082 8.741 9.371 9.632 9.817 10.727 11.088 11.232 
p-c 7.982 8.600 8.953 9.398 9.834 9.935 10.968 11.407 11.382 
n-c-non-coated, a-c-SA coated, LMP -coated 
 
The effective diffusivity of water (Dew) in the coated food accounted for not only the moisture 
diffusion in the coated gels but also that in the cellular food, because the coated food was made 
of a combination of the gels and solid food material. High process temperature promoted fast 
diffusion of water from potato to the coating, and fast mass transfer at the surface of the coating 
as well. Coating can be generally considered as a barrier to water removal. However, at high 
process temperature, the coating may help to reduce cell collapse leading to higher water 
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diffusion. Therefore, higher diffusivities were found in the coated samples compared to the non-
coated ones. In addition, increasing the process temperature led to a temperature increase in the 
coated food that in turn enhanced the internal mass diffusion responsible for water loss. The 
numerical results indicated that in both non-coated and coated foods the moisture diffusivity 
varied with process conditions. In conclusion, both coatings including SA and LMP are found to 
be suitable for osmotic dehydration. 
 
The effective diffusivity values of salt (Des) were calculated by using eq. (3.6). The effect of 
temperature and concentration on salt diffusivity in the non-coated, SA-coated and LMP-coated 
samples were similar to that on water diffusivity in the three samples. Increasing the 
concentration of the osmotic medium caused an increased gradient in the osmotic pressure 
leading to faster mass transfer of solute. Increasing the process temperature also led to an 
increase in the salt diffusivity in the non-coated and coated samples. It was found that coating 
especially limited the diffusion mass transport of salt. The salt diffusivity in the SA-coated and 
LMP-coated samples was less than that in the non-coated samples. This was due to the fact that 
the coatings could effectively control solute permeation through the food. At low temperature of 
25C, coatings acted just as a barrier. However, at high process temperatures, the cell membrane 
characteristics of food materials may be better maintained by the coatings leading to a lower 
solute uptake, in comparison with the non-coated samples. Both SA and LMP controlled the mass 
diffusion of solute, and the effects of concentration and temperature of osmotic medium on the 
diffusion of solute in the coated food became significant. At all the three temperatures, damage 
to the cell structure could be controlled by the coating, leading to low impregnation by the 
external osmotic medium. 
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Dehydration efficiency index (DEI) was used to establish good conditions for OD. DEI is 
defined as the ratio of diffusivity of water to diffusivity of solute (Lazarides et al., 1997). Table 
3.7 shows the values of DEI for the non-coated and coated samples. At low temperature of 25C, 
DEI for the LMP-coated samples was less than that for the non-coated samples when the salt 
solution was at low concentration of 10%. Furthermore, DEI for the SA-coated samples was less 
than that for the non-coated samples with both 10% and 14% of salt concentration. However, 
DEI was found to be significantly greater for the coated samples than for the non-coated samples 
at high temperatures of 40 and 55C with all the three levels of salt concentration. At 25C, 
although as a strong barrier the coating well controlled the solute uptake, it also affected the 
water removal to large extent, thus resulting in a reduced DEI in the coated samples. However, 
DEI for the coated samples was better than DEI for the non-coated samples at high temperatures, 
due to the enhancement of internal mass transfer of water from the potato surface to the coating 
and from the coating surface to the osmotic medium as well. Therefore, high temperature of the 
osmotic medium can improve the dehydration efficiency in the coated foods and the coatings 
may also prevent cell collapse during OD. Coating treatment prior to OD may be considered as a 
structural modification to the food cell membranes, due to its ability of endurance to high 
temperature osmotic medium. For the non-coated samples, at high temperatures of 40 and 55C, 
DEI was not significantly increased due to induction of texture damage leading to large 
impregnation by the external osmotic solution, although high temperature could promote larger 
amount of water removal. Therefore, the results in this study on OD of potatoes coated with SA  
and LMP are promising. By applying hydrophilic coatings, improved dehydration efficacy was 




Table 3.8 Dehydration index for non-coated, SA-coated and LMP-coated samples 
Dew/Des 
 25C 40C 55C 
 10% 14% 18% 10% 14% 18% 10% 14% 18% 
n-c 1.059 1.053 1.006 1.024 1.052 1.011 1.056 1.035 1.008 
a-c 1.003 1.041 1.082 1.104 1.203 1.218 1.204 1.156 1.164 
p-c 1.004 1.101 1.092 1.179 1.224 1.238 1.180 1.157 1.161 
n-c-non-coated, a-c-SA coated, LMP -coated 
 
The diffusion model was validated by measuring the water loss and salt uptake at the 45th, 75th, 
105th and 135th minute during the OD of the coated and non-coated samples. The validation 
results are shown in Figs. 3.11 to 3.16. The model predicted results and experimental results for 
both water loss and salt uptake showed very good agreement to each other, which indicates the 
good performance of the model. As shown in Table 3.8, for all validation results, the 
determination coefficient (R2) ranged from 0.9606 to 0.9924 and mean square error (MSE) 
ranged from 5 × 10-5 to 8 × 10-4. Using the first as well as the second roots of equation tan(qn) = -










Table 3.9 Validation results of the models 
 R2 MSE 
Kinetic model for water loss 
 
0.9923 3.00×10-5 
Kinetic model for salt uptake 0.9722 5.00×10-5 
Diffusion model for water loss at 
25 °C 
0.9924 4.64×10-5 
Diffusion model for water loss at 
40 °C 
0.9908 9.11×10-5 
Diffusion model for water loss at 
55 °C 
0.9679 6.03×10-5 
Diffusion model for salt uptake at 
25 °C 
0.9711 5.33×10-5 
Diffusion model for salt uptake at 
40 °C 
0.9606 1.72×10-4 













Fig. 3.11 Validation of the diffusion model for water loss at 25C (y = (1-WL/WL∞) 1/3) 
  




Fig. 3.13 Validation of the diffusion model for water loss at 55C 
 





Fig. 3.15 Validation of the diffusion model for salt uptake at 40C 
 
Fig. 3.16 Validation of the diffusion model for salt uptake at 55C 
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3.3.3 Mass transfer in osmotic dehydration of coated potato cubes by using 
dextrose and sucrose as the osmotic agent 
 
During OD, water removes from the food into the osmotic solution, whereas the solute is 
transferred from the solution into the food. The water diffusion rate in any food material depends 
upon factors such as temperature and concentration of the osmotic solution, size and geometry of 
the material, solution to material mass ratio, and level of agitation of the solution (Raoult-Wack 
et al., 1989; Raoult-Wack, 1994; Rastogi & Raghavarao, 1997; Rastogi & Niranjan, 1998; 
Rastogi et al., 1999). Crank’s analytical solution to Fick’s law of diffusion, based on effective 
diffusivity approach, has been used to describe the moisture and solute diffusion process for food 
products by many researchers (Rastogi et al., 2000; Baralt et al., 1998, 2001; Barat, 2002; Fasina 
et al., 2002; Telis et al., 2004). Effective diffusion coefficient can be obtained by applying linear 
and nonlinear regressions (Tungsangpateep & Jindal, 2004; Akpinar & Bicer 2005). It is very 
common in the literature to consider a finite food slab geometry as an infinite flat plate 
configuration, neglecting the diffusion in the other directions and out of these only a few have 
considered unsteady state mass transfer during OD (Rastogi & Raghavarao, 2004; Kayacier & 
Singh, 2004; Roberts et al., 2002; Roberts and Tong, 2003; Kang & Delwiche, 2000; Fito & 
Chiralt, 2000).  Before our research started, performance ratio was studied for the OD of edible 
coatings such as LMP, SA, ethyl acetate, etc. during OD of coatings without food material 
(Camirand et. al., 1992). The objectives of our study were to determine the performance ratio 
and water/solute effective diffusion coefficients in coated potato cubes during OD and 
investigate the effects of concentration and temperature of osmotic solution on the performance 
ratio and effective diffusivities. 
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The effects of concentration and temperature on the performance ratio (Pr) in the non-coated and 
coated potatoes by using dextrose and sucrose as an osmotic agent are presented in Figs. 3.17 
and 3.18, respectively. Fig. 3.17 shows the effect of concentration and temperature of the 
dextrose solutions on the Pr in the coated and non-coated samples. The effect of the 
concentration on the Pr in the non-coated and coated samples showed decreased trends when the 
concentration of osmotic solution was increased to 65% dextrose at 25°C. In addition, Pr values 
of the non-coated samples at 40°C and 55°C increased with increasing dextrose solution 
concentration. Similarly, Pr values in the coated samples showed an increase with increasing 
concentration of dextrose solution at higher temperatures of 40°C and 55°C. At a constant 
osmotic concentration, Pr values in the non-coated samples significantly decreased with 
increasing temperature of the solution. Higher OD temperatures of 40°C and 55°C provided 
much greater values of Pr in the coated samples than those in the non-coated samples for the OD 
by using a 65% of dextrose solution. It seemed that the water loss increased with an increase in 
the OD temperature while the solute uptake could be well prevented by the SA and LMP 
coatings. 
 
Fig. 3.18 shows the effect of concentration and temperature of the osmotic solution by using 
sucrose as an osmotic agent on Pr in the coated and non-coated samples. It is observed that at 
higher temperatures of 40°C and 55°C, higher Pr values were achieved in the coated samples. 
These results are rational if one keeps in mind that, for porous foods, the hydrodynamic 
mechanism (HDM) and capillary forces accelerated water transport and inhibited the sucrose 
diffusion significantly when the OD temperature increased. The HDM acts mainly on the 




Fig. 3.17 Influence of coating on the performance ratio (Pr) during OD of non-coated and coated 
potatoes by using dextrose as an osmotic agent at different concentrations and temperatures 
 
change in the food system (Fito et al., 1996). This exchange is associated with slightly deformed 
cells during OD. The increased temperature gave an increased effect in the coated potatoes on 
the water loss by the hydrodynamic and capillary mechanisms, with a limited solute uptake. On 
the other hand, the coatings SA and LMP clearly resulted in much more water loss and less 
amount of solute uptake, leading to an increased Pr for the OD process at higher OD 
temperatures. 
 
The dehydration efficiency index (DEI) for the coated and non-coated samples during the OD at 
different dextrose and sucrose concentrations and temperatures are showed in Figs.3.19 and 3.20, 
respectively. By a numerical analysis of Fick’s unsteady state diffusion equation, the diffusion 
coefficients responsible for water loss and solute uptake were calculated. The values of Dew and 























Fig. 3.18 Influence of coating on the performance ratio during OD of non-coated and coated 
potatoes by using sucrose as an osmotic agent at different concentrations and temperatures 
 
uptake, for various conditions of a 4 hrs OD. After the 4 hrs, the OD was continued overnight to 
get equilibrium values of water loss and solute uptake. It can be seen that DEI of the non-coated 
samples decreased with increasing dehydration temperature. The decreases were higher and more 
significant at the higher temperature of 55°C due to loss of membrane properties. The properties 
of the food membrane have a significant impact on DEI during the OD. Studies on the coated 
samples found that high OD temperatures gave a great impact on DEI with an increased water 
diffusivity and a reduced solute diffusivity for both dextrose and sucrose. Coatings promoted 
water diffusion while they retarded solute diffusion from the food. The higher DEI at the higher 
temperatures might be due to increased prevention of loss of membrane properties at a higher 
temperature compared with a lower temperature. The increase of temperature promoted water 
diffusion with low osmotic solution penetration into the food pores via the HDM for the coated 























Fig. 3.19 Influence of coating on the dehydration index during osmotic dehydration of non-
coated and coated potatoes by dextrose solutions at different concentrations and temperatures 
 
 
Fig. 3.20 Influence of coating on the dehydration index during osmotic dehydration of non-





















































during an OD process and was affected by high OD process temperatures (Fito et al., 1996).  The 
Dew values in the non-coated samples during the OD process with sucrose solution ranged from 
1.038×10-10 to 3.155×10-10 m2/s. These values fell within the normally expected range of Dew for 
dehydrated non-coated foods (Ade-Omowayeet al., 2002; Escriche et al., 2000). The Dew values 
obtained for the SA-coated and LMP-coated samples varied between 0.363×10-10 and 3.265×10-10 
m2/s. In the OD process with a sucrose osmotic solution at 55°C, the Dew values in the coated 
samples were greater than those in the non-coated samples, which can be explained by a 
reduction of solute uptake in the OD process leading to faster water diffusion by HDM through 
the pores. The Dew values in the non-coated and coated samples tended to increase with 
increasing process temperature, coinciding with the results of other studies (Barat et al., 2001).  
In general, the Des values in the non-coated samples were doubled those in the coated samples, 
which implies a reduction in the mass transfer of solute. As the temperature increased, the 
coatings provided better prevention to the penetration of the solutes into the potatoes. Similarly, 
the estimated values of Dew were found to be in the range between 0.585×10-10 and 3.002×10-10 
m2/s and were in agreement with literature values (Hough et al., 1993; Kaymak-Ertekin & 
Cakaloz, 1996). At 25°C, higher Dew was observed in the non-coated samples while similar or 
lower Dew was found at higher temperatures. This observation also showed that sucrose was a 
more effective osmotic agent than dextrose in terms of dehydration rate. Much lower Des values 
were obtained in the coated samples at all temperatures. This might be due to the fact that with 
the use of coatings, incoming sugar during the OD process moved mostly between the coatings 
and not through the selective cell membrane. In addition, it was found that the model adequately 
described the experimental results for both water loss and solute uptake during the OD with 





Process variables such as the concentration and temperature of osmotic medium showed strong 
effects on the model parameters including 1/kw1 and 1/ks1 (i.e. the initial mass transfer rates) and 
1/kw2 and 1/ks2 (i.e. the amounts of mass transfer at equilibrium) for both water and solute in the 
coated and non-coated samples. Increasing process temperature and concentration of the osmotic 
medium increased 1/kw1, 1/ks1, 1/kw2 and 1/ks2. The initial rates of water loss and salt uptake and 
the amounts of water loss and salt uptake at equilibrium in the non-coated samples were greater 
than those in the coated samples. This could be due to the change in the membrane 
characteristics brought by the coatings which acted as a barrier both at the beginning and at the 
equilibrium. Peleg’s kinetic models for initial rate of mass transfer and equilibrium mass transfer 
had a good performance for both the water loss and salt uptake. Using hydrophilic coatings such 
as SA and LMP prior to OD could effectively control the solute uptake at high OD temperatures, 
while maintaining the amount of water loss.  
 
The concentration and temperature of osmotic medium also affected water and solute 
diffusivities in the non-coated, SA-coated and LMP-coated samples. Higher temperature 
promoted faster water diffusion. Lower diffusivity of solute in the SA-coated and LMP-coated 
samples than that in the non-coated samples indicated a better control of the extensive solute 
uptake problem during OD, by using the coatings. The coupling of coating and OD could 
achieve a better dehydration efficiency index. Models derived from the unsteady state Fick’s 
Second Law were found to be adequate for modeling the mass diffusion during the OD for all of 
the coated and non-coated samples. Results of this study on the mass transfer together with the 
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effect of temperature and concentration of the osmotic solution will enable us to optimally design 
a process combining coating and OD. 
 
The SA and LMP coatings yielded significantly decreased amounts of solids uptake, without 
negatively affecting water removal. High OD process temperature contributed strongly to the 
minimizing of solute uptake regardless of the type of osmotic agents, and when sucrose was used 
as an osmotic agent for the OD, faster water loss with lower sucrose uptake was found in the 
coated samples. Overall, the dehydration efficiency index and performance ratio were drastically 


















IMPACT OF PROCESS CONDITIONS AND COATINGS ON THE 
DEHYDRATION EFFICIENCY DURING OSMOTIC DEHYDRATION 
 
In this chapter, the combined treatment of coating and osmotic dehydration to apples was carried 
out by using dextrose and sucrose as osmotic agents respectively. Prior to osmotic dehydration 
(OD), apple cubes were coated using two hydrophilic coating materials, sodium alginate (SA) 
and low methoxyl pectinate (LMP). The concentrations of osmotic solutions used were 45, 55 
and 65% (w/v) and process temperatures used were 25, 40 and 55°C. The ratio of solution to 
food was maintained at 20: 1 (v/v) throughout the OD process. The effect of process variables, 
including the concentration and temperature of the osmotic medium, on the performance ratio 
and dehydration efficiency index was investigated. Effective water and solute diffusivities were 
evaluated by using the analytical solution of Fick’s second law in cubic geometry. The apparent 
water diffusivities were found to be in the range of 0.656 × 10-10 - 5.615 × 10-10 m2/s during OD 
of coated and non-coated apples with sucrose solutions while they were observed in the range of 
1.217 × 10-10 - 4.389 × 10-10 m2/s during OD of coated and non-coated apples with dextrose 
solutions. The apparent solute diffusivities were found to be in the range of 0.638 × 10-10 - 3.589 
× 10-10 m2/s during OD of coated and non-coated apples with sucrose solutions while they were 
observed in the range of 1.199 × 10-10 - 4.356 × 10-10 m2/s during OD of coated and non-coated 
apples with dextrose solutions. Higher performance ratio was found in the coated apples at high 
process temperature of 55°C after OD. Better performance was obtained when sucrose was the 
osmotic agent as compared to dextrose. Better dehydration efficiency was found in the coated 
samples at higher OD temperatures than at low OD temperature. Among the two osmotic agents, 
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 Osmotic dehydration (OD) is an important process widely applied for partial water removal 
from food items by directly immersing them in a concentrated solution of soluble solids. Due to 
the chemical potential difference between the food and the solution, simultaneous mass transfer 
processes take place: water diffusion across the cellular membrane of the food and solute 
diffusion into the food (Ponting et. al.,1966; Lenart & Flink, 1984a; Lerici et. al., 1985; Kaymak-
Ertekin & Sultanoglu, 2000). During the osmotic treatment, intensive solute uptake could affect 
the rate of water removal, as well as that in the complementary drying process. In addition, it 
could affect the rehydration capacity of the dried food and aroma retention in it (Lazarides, 
2001). Application of hydrophilic coatings prior to OD could limit intensive solute uptake 
without seriously affecting water loss (Camirand, et. al., 1968; Lewicki et. al., 1984; Ishikawa & 
Nara, 1993; Lenert & Debrowska, 1997, 1999, 2001). The performance ratio, defined as the ratio 
of the amount of water loss to the amount of solute uptake, for coating materials without any 
food was initially investigated by Camirand et al. (1992). It was reported that the performance 
ratio depended on the type of coating materials, the concentration and type of osmotic agents. 
High performance ratio was obtained when the osmotic agent was sucrose and the coating 
material was low methoxyl pectinate (LMP) or mixtures of LMP and other polymers such as 
methyl cellulose or pure corn starch. Furthermore, the highest performance ratio was obtained 
when the osmotic agent was glycerol and the coating material was ethyl cellulose. 
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The influence of various process variables such as the concentration of osmotic agents, process 
temperature, osmotic dehydration time, the ratio of food to osmotic solution, geometry of food 
and agitation speed on the mass transfer of plant tissues during OD have been extensively 
studied (Islam & Flink, 1982; Conway, et. al., 1983; Magee et. al., 1983; Lenert & Lewicki, 
1990; Rastogi & Raghavarao, 1994). It was reported that all of the above mentioned process 
variables significantly affected mass transfer. Furthermore, the molecular size of the osmotic 
agent is one of the important factors that could influence the mass transfer for both water loss 
and solute uptake during OD processes (Raoult-Wack, 1994; Saurel et. al, 1994; Rastogi and 
Raghavarao, 1995).  
 
There has been limited research on the mass transfer in coated food during OD. A few studies 
have been done on the mass transfer rate of water loss and solute gain in pectin-coated apples by 
varying process temperatures of OD (Lenart and Debrowska, 1999). There had been no report on 
evaluation of effective water and solute diffusivities of coated food during OD before our studies 
started. In the last few years, numerous studies have been carried out to better understand the 
internal mass transfer occurring during OD of non-coated foods and to model the mechanism of 
OD process. In most of research findings, effective water and solute diffusion coefficients of an 
infinite slab of thickness (2l) were obtained by using the first term of an analytical solution of 























The objectives of the study in this chapter were: (1) to investigate the effect of process variables 
(i.e. the type and concentration of osmotic agents, process temperature) on the performance ratio 
of coated apples after OD, (2) to evaluate water and solute diffusivities nonlinearly by using 
more terms of the analytical solutions of Fick’s second law, and (3) to investigate the impact of 
process conditions and coatings on process performance (i.e. dehydration efficiency) during the 
OD of apple tissue. 
 
4.2 MATERIALS AND METHODS 
4.2.1. Materials 
 
Fuji apples were purchased from a local market in Singapore. Dextrose (C6H12O6.H2O, food 
grade, Sigma, St Louis, USA) and sucrose (99.5% purity, food grade, BDH, London, UK) were 
used as the osmotic agents. Sodium alginate (SA) and low methoxyl pectinate (LMP, degree of 
esterification: 31.5%, Degussa, Pullach, Germany) were used as the coating materials. Calcium 
chloride (CaCl2. 2H2O, food grade, 99% purity, Merck, Darmstadt, Germany) was used as the 
cross-linking agent. Sodium hydroxide (Merck, Darmstadt, Germany), hydrochloric acid (37% 
w/v, Merck, Darmstadt, Germany), methylamine- hydrochloride (Fluka, Buchs SG, Switzerland) 
and 3,5-dinitrosalicylic acid (Aldrich, Milwaukee, USA) were used as chemical reagents in the 
instrumental analyses. 
 





Apples were peeled and 1 cm3 cubes were cut from the periphery of the parenchyma. In this 
study, coated samples were prepared by using two coating materials, SA and LMP. These two 
materials were selected as the coating materials because of their hydrophilic properties as well as 
their good performance demonstrated in the earlier study by Carmirand et al. (1992). The apple 
cubes were dipped in the coating material solution (1% SA and 2% LMP, w/v) for 5 min. Then, 
the apple cubes coated with SA were immersed in CaCl2 solution of 1% w/v and those coated 
with LMP were immersed in CaCl2 solution of 2% w/v. The cross-linking time was 30 min for 
both SA and LMP-coated samples. After being removed from the CaCl2 solutions, the samples 
were kept at room temperature for 5 min to allow further cross-linking. Then, the apple cubes 
were blotted with filter paper to remove any excess cross-linking agent. 
 
4.2.3. Osmotic dehydration 
 
Dextrose and sucrose solutions were used as the osmotic solutions, respectively. Three different 
concentrations (45%, 55% and 65% w/v) and three process temperatures (25, 40 and 55 °C) were 
used as the experimental conditions for OD of non-coated and coated apple cubes using both 
dextrose and sucrose solutions. The osmotic dehydration was carried out in a 1 L beaker fitted 
with a screen sieve. Samples (20 cubes) were placed on the screen sieve. The osmotic solution 
was stirred with a magnetic stirrer at 300 rpm and the temperature was controlled by placing the 
beaker in a water bath. The initial ratio of solution to food was set at 1:20 (v/v) in order to avoid 
a significant dilution of the osmotic solution during the dehydration process. The osmotic 
dehydration process was performed for 4 h, and two samples were collected at the 30th, 60th, 
90th, 120th, 150th, 180th, 210th and 240th min, respectively, for the analysis of moisture and 
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solute contents in the apple cubes. Non-coated samples were also dehydrated osmotically by 
using dextrose and sucrose solutions for comparison of the mass transfer in coated samples to 
that in non-coated samples. After 4 hours, osmotic dehydration was continued at specific 
conditions to investigate equilibrium moisture loss and solute uptake.  
 
4.2.4. Analysis of moisture content 
 
Moisture content of the samples was determined by the oven drying method (AOAC, 1998). 
Samples were weighed and placed in an oven (Memmert, Schwabach, Germany) set at  
105 °C. The samples were kept in the oven for approximately 24 h until a constant weight was 
reached. The samples were cooled down to room temperature in desiccators and weighed. 
Moisture content of the samples was then calculated from the sample weights before and after 
drying. 
 
4.2.5. Analysis of dextrose content 
 
The mechanism for the derivitization of glucose with methylamine reported by Caceres et. al. 
(2000) was used in this study. This reaction involves the addition of amino group to carbonyl 
group leading to intermediate amine which cyclizes to glycosyamine (a colored compound). The 
amount of colored compound could be determined by spectrophotometric analysis. A sample 
cube was accurately weighed and then heated up in 50 ml deionized water at 45 °C for 30 min. 
The mixture was homogenized by a laboratory homogenizer (Braun, Germany) and centrifuged 
by using a centrifuge (Eppendorf 5804R, Germany) at 5000 rpm and 40 °C for 15 min. An 
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aliquot of 3 ml of supernatant was then pipetted into a test tube and mixed with 3 ml of 0.25% 
w/v methylamine in 0.25 M NaOH. Then the solution was heated for 15 min by immersing the 
test tube in a boiling water bath, and then cooled to 0 °C in an ice water bath. Derivatised 
analytes were monitored at 400 nm by using a UV spectrophotometer. The absorbance value was 
read off against a standard curve to determine the corresponding dextrose content of the solution. 
The standard curve was made by using six standard dextrose solutions and their corresponding 
absorbance at 400 nm. 
 
4.2.6. Analysis of sucrose content 
 
Soluble sucrose in the coated and non-coated apples was measured by spectrophotometric 
analysis (Miller, 1959). An accurately weighed sample cube was heated in 50 ml deionized water 
at 45 °C for 30 min, and then the mixture was homogenized using a laboratory homogenizer 
(Braun, Germany). The homogenized solution was centrifuged by using a centrifuge (Eppendorf 
5804R, Germany) at 5000 rpm and 40 °C for 15 min. An aliquot of 2 ml of supernatant was 
pipetted into a test tube. To this, 2 ml of 6 M HCl was added into the test tube that was then 
placed in a boiling water bath for 10 min. The test tube was removed from the boiling water bath 
and 8 ml of 2.5 M NaOH and then 2 ml of 0.05 M 3,5-dinitrosalicylic acid were added into the 
tube. The tube was then covered by parafilm and the solution was mixed by shaking the test tube 
thoroughly, and the test tube was again placed in the boiling water bath for 5 min. After that, the 
tube was removed from the boiling water bath and immediately placed in an ice water bath and 
held for 10 min. The absorbance of the solution was determined by using a UV-
spectrophotometer at 600 nm. The absorbance value was read off against a standard curve to 
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determine the corresponding sucrose content of the solution. The standard curve was made by 
using six standard sucrose solutions, which were also reacted with HCl, NaOH and 3, 5-
dinitrosalicylic acid by using the same procedures as described earlier and their corresponding 
absorbance was measured at 600 nm. 
 
4.2.7. Mass transfer studies 
 
 
Two useful parameters, the performance ratio and dehydration efficiency index, were calculated 
to compare the mass transfer between the coated and non-coated samples. As mentioned in the 
literature review section 2.8, the performance ratio (Pr) is defined as the ratio of the amount of 
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where FW is the amount of moisture in the sample at time t, IW is initial moisture amount in the 
sample at t = 0 min, FS is the amount of solute in the sample at time t, IS is initial solute amount 




The rates of water loss and solute uptake were modelled by using the analytical solution to Fick’s 







































                                                                        (4.5) 
 
where WL and WL∞ are the amount of water loss at time t and equilibrium (∞), respectively,  SG 
and SG∞ are the amount of solute uptake at time t and equilibrium (∞), respectively. α is the 
volume ratio of solution to sample, Dew is the effective diffusivity of water (m2/s), Des is the 
effective diffusivity of solute (m2/s), l is half thickness of the sample (m), and qn are the positive 
roots of the equation: tan(qn) = - α qn. Eqs. (4.4) and (4.5) are valid for an infinite slab in contact 
with the osmotic solution from both sides with the following assumptions: (1) uniform moisture 
distribution, (2) negligible external resistance to mass transfer, and (3) no sample shrinkage 
during OD.  
 



















































                                                           (4.7) 
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In this model, the first and second roots were used. The nonlinear equations were numerically 
solved by using Matlab 6.5. Diffusivities of water and solute in both coated and uncoated 
samples were evaluated. In addition, dehydration efficiency index (DEI) was determined to 
investigate the effect of coatings on DEI. DEI is defined as the ratio of the diffusivity of water to 
the diffusivity of solute in the food during dehydration process (Lazarides et. al., 1997).  
 
4.2.8. Statistical test 
 
All experiments were carried out in triplicates. One-way ANOVA test was used to analyze the 
results to determine if the differences were significant among the SA-coated samples, LMP-
coated samples, and non-coated samples, at different concentrations and temperatures of the 
osmotic solution, for the two osmotic agents i.e. dextrose and sucrose.  
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Performance ratio 
 
Performance ratio (Pr) serves as an indicator for process effectiveness and in our studies, it could 
also provide information on the coating performance in the OD. The effect of coating, 
concentration of osmotic agent and process temperature on the performance ratio during OD of 
the samples by using dextrose as the osmotic agent is shown in Fig. 4.1. The results indicate that 
at low temperature of 25 C, the performance ratio in non-coated samples was higher than that in 
coated samples under all of the three concentrations of dextrose, which was also proved to be 
statistically significant at p < 0.05 as shown in Table 4.1. This could be due to the SA and LMP 
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coatings serving as a good barrier to both water loss and solute uptake at low OD temperature. 
Comparing the Pr values for coated apples at low temperature of 25C to those at high 
temperatures of 40 and 55C, it can be seen that the performance ratios at high process 
temperatures were significantly higher, which means lower solute uptake and higher water loss. 
In contrast, for most of the non-coated samples, the performance ratios between low and high 
temperatures were not significantly different (except the one at 40C and 45% concentration). 
 
Fig. 4.1. Influence of coating on the performance ratio during osmotic dehydration of non-coated 
and coated apples at different concentrations and temperatures by using dextrose as 
the osmotic agent. (n-c: non-coated apples; a-c: SA-coated apples; p-c: LMP-coated apples) 
 
In this case, high temperatures favored both water loss and solute uptake in the osmotic 
dehydration of non-coated samples, due to the change in the structural properties of cell wall 

















Table 4.1. Statistical analysis results on the performance ratio between different samples under 









a-c and p-c 25 45 0.0132 0.7522 
a-c and n-c 25 45 74.5007 2.04*10-7 
p-c and n-c 25 45 73.2154 2.29*10-7 
a-c and p-c 25 55 0.8380 0.3736 
a-c and n-c 25 55 6.3318 0.0229 
p-c and n-c 25 55 52.2970 2.00*10-6 
a-c and p-c 25 65 2.6988 0.1199 
a-c and n-c 25 65 10.9894 0.0040 
p-c and n-c 25 65 24.4054 0.0001 
a-c and p-c 40 45 3.2951 0.0883 
a-c and n-c 40 45 0.4012 0.5354 
p-c and n-c 40 45 0.1017 0.7540 
a-c and p-c 40 55 0.0948 0.7621 
a-c and n-c 40 55 182.8497 3.58*10-8 
p-c and n-c 40 55 141.5283 2.33*10-9 
a-c and p-c 40 65 0.0051 0.9437 
a-c and n-c 40 65 6.1008 0.0251 
p-c and n-c 40 65 6.6571 0.0201 
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a-c and p-c 55 45 0.0017 0.9678 
a-c and n-c 55 45 68.9903 3.40*10-7 
p-c and n-c 55 45 45.6946 3.40*10-7 
a-c and p-c 55 55 0.0066 0.9362 
a-c and n-c 55 55 201.4084 1.75*10-10 
p-c and n-c 55 55 64.8481 5.09*10-7 
a-c and p-c 55 65 0.0216 0.8550 
a-c and n-c 55 65 63.3016 5.95*10-7 
p-c and n-c 55 65 31.8082 3.69*10-5 
* F-critical = 4.4940. 
 
viscosity of the osmotic solution resulting in high diffusion rates of both water and solute for 
non-coated samples. Kaymak-Ertekin and Sultanoglu (2000) and Telis et al. (2003) also reported 
similar results regarding the effect of temperature on osmotic dehydration kinetics of non-coated 
plant tissues. 
 
The influence of coating on the performance ratio was more pronounced at high temperature of 
55°C. The statistical results in Table 4.1 verify that the performance ratios in coated samples 
were significantly higher than those in non-coated samples at 55°C, regardless of the 
concentration of the osmotic solution. Increasing the concentration of the osmotic solution 
generally would produce higher water loss and larger solute uptake simultaneously, due to higher 
difference in the chemical potential of water and solute between the sample and osmotic 
solution. As a result, the performance ratio in coated samples varied with increasing 
concentration of dextrose solution at low OD temperature of 25°C. Changes in the performance 
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ratio brought by high dextrose concentration of 65% were more obvious at low temperature of 
25°C. Comparing, for each product of the SA and LMP-coated apples, the dehydration conditions 
in the three different concentrations of osmotic solutions at three different process temperatures, 
Pr were not significantly different p < 0.05.  
 
Fig. 4.2 presents the performance ratios in coated and non-coated apples under various process 
temperatures and concentrations of the osmotic solution when sucrose was used as the osmotic 
agent. Similar observations and conclusion to those in the above for using dextrose as the 
osmotic agent can be drawn. At 25°C, the highest Pr was found in the non-coated samples for 
each of the three concentrations. Difference in Pr between the coated and non-coated apples was 
larger at high temperatures (40 and 55°C) compared to low temperature (25°C). High process 
temperatures produced higher performance ratios in the coated samples than those in the non-
coated samples. At each level of the three osmotic solution concentrations, increasing the process  
temperature gave higher water loss and lower solute uptake in both SA-coated and LMP-coated 
apples. Therefore, in both coated products, the dehydration regime is higher in sucrose solution 
than in non-coated ones at high OD temperatures, confirming the highest dehydration capacity of 
coated apples in osmotic sucrose solution with limiting exchange of solutes. The predominance 
of water removal on soluble gain was successfully achieved by the coating treatment prior to 
OD. Increasing the process temperature affected the selectivity of the cell membrane in the non-
coated apples, which could provide much more diffusion of the solute into the food. Statistical 
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test results are given in Table 4.2, which shows that at high temperatures the 
 
Fig. 4.2. Influence of coating on the performance ratio during osmotic dehydration of non-coated 
and coated apples at different concentrations and temperatures by using sucrose as the osmotic 
agent (n-c: non-coated apples; a-c: SA-coated apples; p-c: LMP-coated apples.) 
 
osmotic dehydration in coated samples was significantly more efficient than that in non-coated 
samples at p < 0.05. Through one-way ANOVA tests at p < 0.05, higher performance ratios were 
obtained in the osmotic dehydration of coated apples by using sucrose than dextrose as the 
osmotic agent. This indicates that higher water loss and lower solute uptake can be achieved by 
using an osmotic agent of high molecular size. Sucrose, having larger molecules, could not 
diffuse easily under normal pressure through the cell membrane, thus the approach to osmotic 
equilibrium was achieved primarily by water loss from the fruit tissue. Therefore, the amount of 
water loss was much greater than the amount of solute uptake. Results obtained were similar to 
those by other researchers reported on the effect of molar mass on dehydration capacity during 
OD (Contreras & Smyrl, 1981; Islam & Flink, 1982; Bolin et al., 1983; Lerici et al., 1985a; Heng 

























performance ratio was found between the SA-coated samples and LMP-coated samples under all 
processing conditions. 
 
4.3.2. Diffusivity and dehydration efficiency index during OD of apples 
 
For osmotic dehydration by using dextrose as the osmotic agent, the effective moisture and 
solute diffusivities were calculated by fitting the unsteady state diffusion equations (Eqs. (4.6) 
and (4.7) to the experimental data of 4 h osmosis and equilibrium, Values of the effective 
diffusivities in both coated and non-coated apples during OD with dextrose solution under 
different combinations of concentration and temperature are shown in Table 4.3.  As it can be 
seen in the table, Dew values are generally higher than Des values. For different processing 
conditions of OD, the effective water diffusivity of non-coated apples ranged from1.720×10−10 to 
4.389×10−10 m2/s and that of SA-coated apples ranged from 1.217×10−10 to 3.936×10−10 m2/s 
while Dew of LMP-coated apples was in the range between 1.311×10-10 and 4.117×10-10 m2/s. 
Diffusivity of solute for non-coated apples was ranging from 1.478×10-10 to 4.356×10-10 m2/s 
while Des of SA-coated apples was ranging from 1.199×10-10 to 2.044×10-10 m2/s and Des of 
LMP-coated apples was ranging from 1.207×10-10 to 1.207×10-10 m2/s. These values are in 
agreement with literature values (in the order of 10-10-10-11 m2/s) for other fruits and vegetables  
(Hough et al., 1993; Kaymak-Ertekin & Cakaloz, 1996). With an increase in the dextrose 
concentration, Dew, related with water loss, increased in the n-c, a-c and p-c samples. Des, related  
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Table 4.2. Statistical analysis results on the performance ratio between different samples under 









a-c and p-c 25 45 0.1427 0.7106 
a-c and n-c 25 45 490.5903 1.97*10-13 
p-c and n-c 25 45 489.4544 2.01*10-13 
a-c and p-c 25 55 4.4439 0.0511 
a-c and n-c 25 55 165.0445 7.61*10-10 
p-c and n-c 25 55 75.8836 1.81*10-7 
a-c and p-c 25 65 1.3569 0.2611 
a-c and n-c 25 65 549.699 8.15*10-19 
p-c and n-c 25 65 160.1168 9.50*10-10 
a-c and p-c 40 45 1.4654 0.2436 
a-c and n-c 40 45 132.3063 3.79*10-9 
p-c and n-c 40 45 179.4106 4.12*10-10 
a-c and p-c 40 55 1.1942 0.2907 
a-c and n-c 40 55 162.5693 8.50*10-10 
p-c and n-c 40 55 90.5319 5.46*10-8 
a-c and p-c 40 65 1.8537 0.1922 
a-c and n-c 40 65 151.5274 1.42*10-9 
p-c and n-c 40 65 171.2770 5.81*10-10 
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a-c and p-c 55 45 3.2186 0.0917 
a-c and n-c 55 45 340.3901 3.31*10-12 
p-c and n-c 55 45 297.2365 9.32*10-12 
a-c and p-c 55 55 0.9606 0.3416 
a-c and n-c 55 55 226.9140 7.17*10-11 
p-c and n-c 55 55 180.1060 4.00*10-10 
a-c and p-c 55 65 0.1924 0.6668 
a-c and n-c 55 65 156.9775 1.11*10-9 
p-c and n-c 55 65 195.3877 2.19*10-10 
* F-critical = 4.4940. 
 
Table 4.3. Effective diffusivities of water and solute in non-coated and coated apples during 
osmotic dehydration by dextrose 
Dew (10-10 m2/s) 
 25C 40C 55C 
 45% 55% 65% 45% 55% 65% 45% 55% 65% 
n-c 1.720 1.764 1.828 2.623 2.756 3.097 3.998 4.096 4.389 
a-c 1.217 1.282 1.335 2.544 2.669 2.748 3.794 3.935 3.936 
p-c 1.311 1.352 1.377 2.562 2.702 2.830 3.911 4.036 4.117 
Des (10-10 m2/s) 
 25C 40C 55C 
n-c 1.478 1.508 1.560 1.767 1.797 1.837 3.670 3.817 4.356 
a-c 1.199 1.209 1.257 1.268 1.395 1.439 1.936 1.973 2.044 
p-c 1.207 1.229 1.271 1.423 1.458 1.475 2.005 2.041 2.124 




with solute uptake, followed the same trend as Dew. Increasing the solution concentration led to 
an increase in the driving force for mass transfer between the solution and the product therefore 
an increased amount of mass transfer. It was also observed that water diffusion increased with an 
increase in temperature for the n-c, a-c and p-c samples. Solute diffusion increased as well with 
the increase in process temperature for all treatments and it was observed that there was a 
significant increase in solute uptake at 55ºC in non-coated apples. The solute diffusivity Des in 
apples coated by SA and LMP was not greatly affected by temperature in comparison with non-
coated apples.  
 
Similarly, for osmotic dehydration by using sucrose as the osmotic agent, Table 4.4 shows the 
effective diffusivities of water and sucrose in non-coated and coated apples at different  
combinations of temperature and concentration of the osmotic solution. Dew for non-coated 
samples ranged from 1.379x10-10 to 4.655x10-10 m2/s while Dew for SA-coated samples ranged 
from 0.656x10-10 to 5.456x10-10 m2/s and Dew for LMP-coated samples ranged from  0.716x10-10 
to 5.615x10-10 m2/s. Des for non-coated samples ranged from 0.983x10-10 to 3.589x10-10 m2/s 
while Des for SA-coated samples ranged from 0.699x10-10 to 1.535x10-10 m2/s and Des for LMP-
coated samples ranged from 0.638x10-10 to 1.568x10-10 m2/s. More significant influence of 
process temperature can be observed on the water diffusivity in coated samples compared to that 
in non-coated samples. For all samples, Dew and Des increased with increasing in temperature and 
concentration. Dew for non-coated apples were significantly lower than that of coated apples at 
high OD temperatures of 40 and 55°C due to the formation of a surface layer of sucrose from 
larger solute uptake in a non-coated sample and the sucrose layer would hinder moisture loss 
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from the sample. Our Dew and Des values of LMP-coated and non-coated samples are within the 
range of 110-10-110-11 m2/s and agree with results obtained by Jalaee et. al., 2011.  
 
In addition, higher effective water diffusivities were found in osmotic dehydration using sucrose 
as the osmotic agent compared with those using dextrose. This clearly indicates that the mass 
transfer depended on the molecular size of the osmotic agent. Furthermore, under high process 
temperatures, lower solute diffusivities were found in the coated samples than those in the non-
coated samples. Des was found to be inversely proportional to the molecular size of the osmotic 
agent because lower diffusivities of solute were found in both coated and non-coated samples. 
Therefore, in order to get better water diffusion with minimal solute diffusion, a larger molecular 
size osmotic agent is suggested for the osmotic dehydration of coated samples [Torreggiani, 
1993]. 
 
Dehydration efficiency index (DEI) was also used to evaluate the process effectiveness for the 
non-coated and coated apples. Fig. 4.3 shows the influence of coatings on DEI as a  function of 
the concentration and temperature when using dextrose as the osmotic agent. The low process 
temperature of 25°C seemed to have disturbed the water loss, leading to a lower dehydration 
efficiency index in the coated samples dehydrated by 45 and 55 and 65% dextrose. Statistical test 






Table 4.4 Effective diffusivities of water and solute in non-coated and coated apples during 
osmotic dehydration by sucrose 
Dew (10-10 m2/s) 
 25C 40C 55C 
 45% 55% 65% 45% 55% 65% 45% 55% 65% 
n-c 1.379 1.466 1.656 2.576 2.633 2.829 4.258 4.477 4.655 
a-c 0.656 0.726 0.756 2.851 3.118 3.327 5.085 5.251 5.456 
p-c 0.716 0.737 0.764 2.929 3.067 3.469 5.198 5.334 5.615 
Des (10-10 m2/s) 
 25C 40C 55C 
n-c 0.983 1.026 1.529 1.995 2.301 3.558 3.044 3.392 3.589 
a-c 0.699 0.655 0.714 1.075 1.055 1.038 1.428 1.506 1.535 
p-c 0.638 0.721 0.754 1.049 1.093 1.114 1.455 1.507 1.568 
n-c: non-coated apples; a-c: alginate coated apples; p-c: pectin-coated apples. 
 
When the process temperature was increased from 25°C to 40°C, a significant increase in DEI 
was found in the coated samples at all of the three concentrations of dextrose solution (p<0.05). 
Increasing the process temperature further to 55 °C could promote mass transfer of water within 
the coated samples, while the coating limited the increase in the rate of dextrose diffusion into 
the coated food. High rate of water loss seemed to prevent proportionally a high rate of the 





Fig. 4.3. Influence of coating on the dehydration efficiency index during osmotic dehydration of 
non-coated and coated apples at different concentrations and temperatures by using dextrose as 
the osmotic agent. 
(n-c: non-coated apples; a-c: alginate-coated apples; p-c: pectin-coated apples.) 
 
Fig. 4.4 shows the influence of coatings on DEI at various concentrations and temperatures when 
using sucrose as the osmotic agent. Statistical test results on the corresponding DEI  values are 
given in Table 4.6. Analysis of variance showed significant differences (p< 0.05) in the DEI 
caused by the coatings for all the three different concentrations of sucrose at the three different 
process temperatures. Higher process temperature produced higher dehydration indices for the 
coated samples than those for the non-coated samples. For the non-coated samples, high solute 
uptake resulted in a decrease in the concentration gradient across the sample-medium interface, 




















Fig. 4.4 Influence of coating on the dehydration efficiency index during osmotic dehydration of 
non-coated and coated apples at different concentrations and temperatures by using sucrose as 
the osmotic agent. 
(n-c: non-coated apples; a-c: alginate-coated apples; p-c: pectin-coated apples) 
 
the cellular membrane of apples. The results showed that selecting a high temperature would 
give the benefits of higher water loss with lower solute uptake leading to better diffusion 
efficiency for the coated samples. On the effect of the concentration of the osmotic solution, at 
55°C no significant change in DEI was found in the coated samples. Furthermore, increasing the 
concentration of the osmotic solution to 65% yielded higher dehydration efficiency in the coated 
samples at 40°C. 
 
 
It is important to note that the model does not account for the presence of turgor pressure in the 
original tissue, but it may significantly contribute to the dehydration efficiency index when the 



























pressure, it affects the chemical water potential within the cells as well as providing a mechanism 
that may help move water to the surface (Yao & Le Maguer, 1997), thus contributing to faster 
water diffusion to the osmotic solution due to providing a driving force by concentration 
gradients. The difference in chemical potential of water between food and osmotic solution is a 
function of OD temperature. Higher OD temperature contributed to higher DEI in both coated 
and non-coated apples.  In addition, the dehydration efficiency for the coated apples dehydrated 
with sucrose solution was found to be better than those dehydrated with dextrose solution. The 
larger size of sucrose was more effective in getting higher water loss with lower solute uptake in 
comparison to dextrose, resulting in higher dehydration efficiency with an osmotically-driven 
flow. Furthermore, the effect of temperature was more pronounced in the osmotic dehydration of 
coated apples by using sucrose than dextrose, because when using sucrose the dehydration 
efficiency was clearly better at 55°C compared to 40°C. Comparing the SA coating with the LMP 
coating, no significant difference in DEI was found between the SA-coated samples and LMP-




The dehydration efficiency index and performance ratio in the coated apples took their highest 
values at high process temperature of 55 °C. The coatings improved dehydration efficiency at 55 
°C, resulting in greater dehydration efficiency index and performance ratio than those in the non-
coated samples. The description of coated apples behaviour in osmotic solutions of dextrose and 
sucrose has shown that water removal predominated over solute uptake. A solution of sucrose 
presents higher dehydration capacity with better control of solute penetration. High OD process  
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Table 4.5 Statistical analysis results on the dehydration efficiency index between different 











a-c and p-c 25 45 4.4167 0.0527 
a-c and n-c 25 45 36.5647 1.70*10-5 
p-c and n-c 25 45 21.1729 0.0003 
a-c and p-c 25 55 4.3289 0.0549 
a-c and n-c 25 55 66.1548 4.47*10-7 
p-c and n-c 25 55 44.7529 5.20*10-6 
a-c and p-c 25 65 0.5923 0.4523 
a-c and n-c 25 65 19.9478 0.0004 
p-c and n-c 25 65 14.8414 0.0014 
a-c and p-c 40 45 3.9364 0.0647 
a-c and n-c 40 45 102.7090 2.28*10-8 
p-c and n-c 40 45 39.6864 1.06*10-5 
a-c and p-c 40 55 1.9451 0.0647 
a-c and n-c 40 55 106.4305 1.78*10-8 
p-c and n-c 40 55 36.3658 1.75*10-5 
a-c and p-c 40 65 0.0223 0.8831 
a-c and n-c 40 65 9.4146 0.0074 
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p-c and n-c 40 65 21.5193 0.0003 
a-c and p-c 55 45 0.0002 0.9901 
a-c and n-c 55 45 843.0246 2.87*10-15 
p-c and n-c 55 45 834.191 3.12*10-15 
a-c and p-c 55 55 0.2098 0.6531 
a-c and n-c 55 55 2941.67 1.44*10-19 
p-c and n-c 55 55 533.312 1.03*10-13 
a-c and p-c 55 65 0.0725 0.7911 
a-c and n-c 55 65 398.3442 9.88*10-13 
p-c and n-c 55 65 212.4777 1.17*10-10 
* F-critical = 4.4940. 
 
temperature resulted in a structural alteration of cells in the non-coated apples, and disturbance 
of water mass transfer. The structural modification may include either crusting by osmoactive 
molecules on the food surface, justifying a reduction of water transfer and a reduced dehydration 
efficiency. These hypotheses on structural effect of osmotic treatment suggest a further 
investigation through microscopic examination of food tissues during osmosis. In addition, since 
osmotic dehydration is a pre-treatment before drying, it could be assumed that coating prior to 








Table 4.6 Statistical analysis results on the dehydration efficiency index between different 




F-value p value* Temperature 
(°C) 
Concentration 
of osmotic agent 
(%) 
a-c and p-c 25 45 4.2184 0.0568 
a-c and n-c 25 45 480.5827 2.31*10-13 
p-c and n-c 25 45 314.5690 6.05*10-12 
a-c and p-c 25 55 4.3621 0.0531 
a-c and n-c 25 55 309.9145 6.78*10-12 
p-c and n-c 25 55 4013.568 1.22*10-20 
a-c and p-c 25 65 4.3245 0.0540 
a-c and n-c 25 65 332.6012 3.95*10-12 
p-c and n-c 25 65 385.3527 1.28*10-12 
a-c and p-c 40 45 0.2075 0.6548 
a-c and n-c 40 45 2940.485 5.43*10-19 
p-c and n-c 40 45 3043.487 1.10*10-19 
a-c and p-c 40 55 4.1110 0.0596 
a-c and n-c 40 55 4532.308 4.61*10-21 
p-c and n-c 40 55 5468.592 1.03*10-21 
a-c and p-c 40 65 0.7584 0.3967 
a-c and n-c 40 65 528.2507 2.11*10-13 
p-c and n-c 40 65 3612.317 2.81*10-20 
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a-c and p-c 55 45 3.5529 0.0778 
a-c and n-c 55 45 1053.06 5.49*10-24 
p-c and n-c 55 45 5009.857 2.07*10-21 
a-c and p-c 55 55 2.7021 0.1197 
a-c and n-c 55 55 7159.585 1.22*10-24 
p-c and n-c 55 55 12295.72 1.60*10-24 
a-c and p-c 55 65 0.7789 0.3906 
a-c and n-c 55 65 5726.036 7.15*10-22 
p-c and n-c 55 65 4688.353 3.52*10-21 
* F-critical = 4.4940. 
 
this thesis. A model based on Fick’s unsteady state law of diffusion was applied to describe the 
simultaneous diffusion of water and solute during osmotic dehydration of fruits. By numerical 
analysis, diffusion coefficients representing both water loss and solid uptake were calculated and 
found to be in the range from 0.656x10-10 to 5.615x10-10 m2/s and 0.638x10-10 to 1.568x10-10 
m2/s for the coated apples while those of the non-coated apples were from 1.379x10-10 to 
4.655x10-10 m2/s and 0.983x10-10 to 3.589x10-10 m2/s, respectively by using sucrose as an 
osmotic agent. When dextrose was used as an osmotic agent, diffusion coefficients representing 
both water loss and solid uptake were in the range from 1.217x10-10 to 4.117x10-10 m2/s and 
1.199x10-10 to 2.124x10-10 m2/s for the coated apples while those of the non-coated apples were 
from 1.720x10-10 to 4.389x10-10 m2/s and 1.478x10-10 to 4.356x10-10 m2/s, respectively. The 
values found were comparable to those in the literature obtained with other techniques and for 
other dehydrated foods. Values of diffusion coefficient were found to be a function of OD 





MASS TRANSFER IN THE OSMOTIC DEHYDRATION OF COATED 
APPLE CUBES BY USING MALTODEXTRIN AS THE COATING 
MATERIAL AND THEIR TEXTURAL PROPERTIES 
 
Apple cubes of 1 cm3 were coated by using 20% and 50% (w/v) maltodextrin solutions, 
respectively. They were subsequently dried in an oven at 70 °C for 10 and 40 min, respectively, 
to solidify the coating. Osmotic dehydration (OD) was then conducted to both coated and non-
coated samples under the process temperature of 30 °C and osmotic solution concentration of 
61.5% (w/v) sucrose. The food to solution ratio was kept constant at 1:20 throughout the osmotic 
dehydration process. Results showed that the coated samples using 20% (w/v) maltodextrin 
solution and oven-dried for 40 min yielded negative dry matter gain and sugar gain during the 
osmotic dehydration process. Furthermore, the coated samples using 50% (w/v) maltodextrin 
solution and oven-dried for 10 and 40 min also yielded negative dry matter gain and sugar gain 
during the osmotic dehydration process. Possible reasons for these unusual negative gains were 
investigated, including dissolution of the coating material during the OD process and strong 
correlation between the drying time and shrinkage of the cells within the apple cubes. In 
addition, moisture loss of the coated samples was much smaller than that of the non-coated 
samples. Instrumental texture profile analysis (TPA) of the non-coated and coated samples was 
performed, measuring the quality attributes such as hardness, brittleness, springiness and 
cohesiveness. Our results showed that the structure of most samples was altered after the OD 






Osmotic dehydration (OD) is a partial water removal technique by direct immersion of food 
pieces in hypertonic solutions. During OD, three mass transfer processes are established: (1) 
water diffusion from the food material to the surrounding osmotic medium due to the 
concentration gradient between them, (2) solute diffusion from the osmotic solution to the food, 
and (3) leaching of natural solutes from the food. This process can be applied as an intermediate 
dehydration step prior to further drying processes such as convective hot air drying, freeze 
drying, vacuum drying, and so on. OD has attracted great attention for a long time due to its 
potential advantages including: (1) better retention of color and flavor, (2) better maintenance of 
cell wall selectivity, and (3) less energy requirement compared to convective hot air drying 
process. In spite of those advantages, its commercial applications are still quite limited. Problems 
associated with difficulties to control large solute uptake by the food material and recycling and 
microbial stability of osmotic solutions are the main reasons for the limited industrial 
development (Lazarides et. al., 1995; Raoult-Wack, 1994). Large solute uptake tends to cause a 
decreasing of the dehydration rate due to the reduced osmotic pressure gradient across the 
product-medium interface during OD and further drying processes. In addition, large solute 
uptake gives a negative impact on the nutritional profile of the product (Lazarides & Mavroudis, 
1996). 
 
A few studies have attempted to reduce large solute uptake by using edible coating materials 
prior to OD. Aqueous solutions of potato starch, corn starch, sodium alginate, low methoxyl 
pectinate, high methoxyl pectinate, chitosan, ethyl cellulose, carboxyl methyl cellulose and 
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maltodextrin were applied for coating fruits and vegetables to control solute uptake (Lewicki et. 
al., 1984; Camirand et. al., 1992; Ishikawa & Nara, 1993; Lenart & Dabrowska, 1997; Lenart& 
Dabrowska, 1999; Lenart & Piotrowski, 2001; Ogonek & Lenart, 2001). As the coating serves as 
an extra barrier to the mass transfers during OD, it is well anticipated that both solute uptake and 
water loss will be reduced in coated food materials. It was found that most coatings could 
prevent the large solute uptake well without affecting too much on water loss. However, some 
coatings, such as corn starch and maltodextrin were reported to yield some negative dry matter 
gains during OD of coated apples (Lenart & Dabrowska, 1997). Their results showed that the 
maltodextrin can be used as coating for food materials to inhibit larger solute uptake with a 
significant loss of dry matter. Unfortunately, there has been no report on further studies of this 
highly unusual and unexpected phenomenon and offering an explanation. In addition, there has 
been no report on sensory properties of coated food after OD. Study of the relationship between 
coupling of coating with plant tissue and mass transport phenomena and how this can affect 
sensory properties of the final products is important. Therefore, the objectives of the study in this 
chapter were (1) to investigate the possible reasons for negative dry matter gains in maltodextrin-
coated apple cubes during OD, (2) to characterize the mass transfer related to water loss and 
sugar uptake during OD, and (3) to compare the textural properties of maltodextrin-coated and 
non-coated apples after the OD. The resistance provided by the maltodextrin coating will be 
assessed, as it affects the process efficiency. 
 
5.2 MATERIALS AND METHODS 




Fuji apples were purchased from a local supermarket and were kept under chilled condition until 
processing. This cultivar was chosen because it is readily available throughout the year, big in 
size for generating enough apple cubes for the OD experiments and has a fairly constant quality. 
The apples were peeled, and then cut into cubes of 1 cm3, using surgical blades (Swann-Morton 
Limited, Sheffield, UK) to minimize cell damage as much as possible. The apple cubes were 
immersed in 0.1% (w/v) sodium metabisulfite (Na2S2O5, Sigma, St Louis, USA) solution for 15 
min to inhibit polyphenyloxidase activity. Solution on the surface of the apple cubes was 
removed gently by using filter paper before measuring their initial gross weight. After the 
measurement, the apple cubes were transferred to labeled Petri-dishes. Every cube was 
individually measured and recorded for further calculations later.  
 
5.2.2 Coating and drying of apple cubes 
 
The apple cubes were coated with either 20% (w/v) or 50% (w/v) maltodextrin solution. Two 
solutions were prepared using 20 g and 50 g of maltodextrin solids (MALTRIN® M200 corn 
syrup solids of 20.0-23.0 DE, Muscatine, USA) added with 100 ml of deionized water, 
respectively. The two solutions were then heated up to 70oC with stirring until a clear solution 
was obtained. Apple cubes were divided into 8 groups, with each group having 5 cubes. Four of 
the groups were used for the measurement of dry matter and the other four were for the 
measurement of sugars. Among the four groups, for the measurement of either dry matter or 
sugars, two groups were used for coating with 20% maltodextrin solution and subsequently dried 
in an oven at 70°C for 10 min and 40 min, respectively. The other two groups were coated and 
dried similarly using 50% maltodextrin solution.  
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For the coating process, apple cubes were immersed in the maltodextrin solution at 70°C for 3 
min. The cubes were then removed from the solution and placed on an aluminium sieve and held 
at room temperature for 3 min. The sieve allowed sufficient air-flow around the cubes. After 
which, the sieve with the cubes was dried in an oven (Memmert, Schwabach, Germany) at 70oC 
for either 10 min or 40 min. After drying, the weight of each individual cube was recorded. 
 
5.2.3 Osmotic dehydration treatment  
       
OD was performed by immersing the coated and non-coated apple cubes in 61.5% (w/v) sucrose 
(BDH, London, England) solution where the apple to solution ratio was 1:20 (volume ratio). The 
solution was maintained at 30oC using a hot plate stirrer (Bibby, Liverpool, UK) and was 
constantly agitated at a speed of 300 rpm. The agitation speed was chosen in order to make the 
surface mass transfer resistance negligible. Samples were taken out at the selected time intervals 
(i.e. 10, 30, 60, 120 and 180 min). Once a cube was removed from the osmotic medium, it was 
blotted with filter paper for several times to remove the surface solution and weighed. All 
experiments were performed in triplicates.  
 
5.2.4 Dry matter and moisture content determination  
 
After an apple cube was removed from the osmotic medium, it was weighed and then transferred 
to a crucible and placed in an oven at 105oC for approximately 24 hours. The weight of the 
crucible was noted before drying. After drying, the crucible with the sample was weighed again 
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and the weight of dry matter could be calculated. Moisture content could also be calculated from 
the data collected. 
 
5.2.5 Sugar determination 
 
After the OD, an apple cube was heated in 50 ml deionized water at 50oC for 30 min, and then 
the solution was homogenized by using a laboratory homogenizer (Braun, Karlsbad-Ittersbach, 
Germany). After that, the suspension was placed in a centrifuge (Eppendorf 5804R, Hamburg, 
Germany) at 5000 rpm and 40oC for 15 min. The supernatant was decanted and the volume was 
noted. Then, 2 ml of the supernatant was pipetted into a test tube and mixed with 2 ml of 6M 
HCl (37% w/w, Merck, Darmstadt, Germany), which was placed in a boiling water bath for 10 
min. The test tube was subsequently removed from the water bath and added with 8 ml of 2.5M 
NaOH (Merck, Darmstadt, Germany). 
 
Next, 1 ml of the solution was drawn out and mixed with 1 ml of 0.25 % (w/v) methylamine  
(Fluka, Buchs SG, Switzerland) in 0.25M NaOH. The solution was heated for 15 min in a boiling 
water bath, and then cooled at 0oC in an ice bath for 5 min. The analytes were then placed in a 
cuvette at room temperature for another 5 min to allow the solution to equilibrate with the room 
temperature before measurement using a UV spectrophotometer (Shimadzu-UV1601, Japan) at 
the wavelength of 400 nm (Caceres et al., 2000). In order to determine the weight of sugar from 
the apple cubes, a standard curve was created by using five standard sugar solutions, which were 
made by mixing equal amount of glucose (BDH, London, England) and fructose (Sigma, St 
Louis, U.S.A). The five concentrations were at 0.003, 0.004, 0.005, 0.006 and 0.007M 
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glucose/fructose, respectively. The solutions were then analyzed using the methylamine-
hydrochloride method described in the above.  
 
5.2.6 Texture profile analysis (TPA) of the samples  
 
A TA-XT2i® texture analyzer (Stable Micro Systems, Godalmine, UK) was used to conduct the 
texture profile analysis, using a 6 mm cylindrical probe. The probe descended at a speed of 3.0 
mm/s and compressed the sample at a speed of 2 mm/s up to a distance making 50% 
deformation. When the compression stroke was completed, the probe abruptly reversed its 
direction and started the upward stroke at 2 mm/s. Then a second down and up cycle was run on 
the same sample. A force–time curve was recorded by the instrument and four textural attributes 
including hardness, cohesiveness, springiness, and brittleness were measured. The textural 
properties of coated samples were compared to those of non-coated samples, both before and 
after an OD of 180 min. Measurements were performed in triplicates. Four textural attributes 
including hardness, cohesiveness, springiness, and brittleness were measured. Hardness was 
defined by the peak force during the first compression cycle. Cohesiveness was calculated as the 
ratio of the area under the second cycle over the area under the first cycle. Springiness was 
measured as the ratio of the height of the second cycle to the height of the first cycle. Brittleness 
was measured as the distance which the probe traveled to reach the maximum force of the first 
cycle.   
 




The stability of the maltodextrin coating was analyzed using a Light Microscope (Olympus 
CX31, Tokyo, Japan) under 100× resolution. Coated apple cubes were immersed in the osmotic 
solution for approximately 24 hours, after which, the surfaces of the samples were compared 
with those before the OD. 
 
5.2.8 Statistical test 
 
All experiments were carried out in triplicates. One-way ANOVA test was used to analyze the 
results to determine if a difference was significant. 
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Dry matter gain 
 
The dry matter gains in all different samples are illustrated in Fig. 5.1. The dry matter gain in 
non-coated apple cubes increased rapidly during the first 20 min of the OD, and the amount of 
dry matter gain was significantly high at the end of 180 min OD. In contrast, the dry matter gains 
were negative (i.e. dry matter loss) for all coated samples as seen during the first 60 min of the 
OD. These results verified the observation by Lenart and Dabrowska (1997) that a negative dry 
matter gain in maltodextrin-coated apples occurred after 10 min of the OD in sucrose solution. 
However, the dry matter losses were rapid in the first 10 min of the OD and started to reduce 
thereafter. One explanation for the negative dry matter gain in the coated samples could be the 
dissolution of the coating material into the osmotic solution. The instability of the coating was 
evident from the microscopic analysis result, as shown in Figs. 5.2 and 5.3. The microstructures 
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of maltodexrin-coated samples were compared with those of samples subjected to the OD 
treatment with sucrose. The OD treatment resulted in the reduction of the maltodextrin coating. 
During the first 10 min of the OD, the uptake of sucrose from the osmotic medium was not able 
to offset the weight loss due to the dissolution of the maltodextrin coating into the osmotic 
solution. 
 
The increase in the dry matter gain for the coated samples afterwards was due to the gradual 
uptake of sucrose from the osmotic medium. However, the uptake was slow as compared to 
















0 50 100 150 200














































apples coated by 20%
maltodextrin and oven-dried
for 10 min
apples coated by 50%
maltodextrin and oven-dried
for 10 min
apples coated by 20%
maltodextrin and oven-dried
for 40 min





                             (a)                                                          (b)  
 
Fig. 5.2.  Microscopic analysis of coated samples using 50% (w/v) maltodextrin solution and 
oven-dried for 40 min, (a) before OD and (b) after OD. 
 
 
                             (a)                                                          (b)  
 
Fig. 5.3. Microscopic analysis of coated samples using 20% (w/v) maltodextrin solution and 
oven-dried for 40 min, (a) before osmotic dehydration and (b) after osmotic dehydration. 
 
(1) The presence of coating around the sample impeded the uptake of sucrose into the sample. 
This is consistent to our previous research results on SA-coated and LMP-coated potato and 
apple cubes described earlier in Chapters 3 and 4. Another reason could be that the diffusion 
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of the coating material into the osmotic medium opposed the movement of the sucrose 
molecules into the sample.  
 
(2) The oven-drying step in the coating process caused shrinkage of the cells evidenced by a  
       dramatic reduction in the sample volume especially after 40 min drying in the oven. In  
       addition, the shrinkage of cells could cause a reduction of the intercellular spaces leading  
       to a decrease in the uptake of sucrose into the sample. 
 
The effect of different concentrations of the maltodextrin coating solution on the dry matter gain 
is significant. With 60 min OD, the decrease of dry matter in the samples coated using a 50% 
maltodextrin solution was 31.3–83.5% and 19.3–36.5%, respectively, more than that in the 
samples coated using a 20% maltodextrin solution, for 10 min and 40 min oven drying, 
respectively. This was because a thicker coating layer was formed using a 50% maltodextrin 
solution than using 20% maltodextrin solution, thus a greater reduction from the dissolution of 
the coating layer during the OD. 
 
 For the samples oven-dried for 10 min, to reach a positive dry matter gain, the samples coated 
using 50% maltodextrin solution took 150 min but the samples coated using 20% maltodextrin 
solution took just 75 min, due to the coating layer in the former was thicker than that in the latter. 
For the former, it took sucrose longer time to diffuse through and the amount of diffused sucrose 
required to offset the loss from dissolved coating layer was also bigger. However, at the end of 
180 min OD, the dry matter gains in the samples were the same, at about 15% of the initial dry 
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matter weight. This might be due to that for a long period of OD, the dissolving coating layer 
was no longer a limiting factor to the uptake of sucrose into the samples. 
 
The effect of oven drying time on the dry matter gain was also significant. For samples using the 
same concentration of the maltodextrin coating solution (20%), to achieve a positive dry matter 
gain it took those samples that were oven-dried for 40 min at least three times long as the 
samples oven-dried for 10 min. Although the objective of the oven drying was just to solidify the 
coating layer, such a drying process inevitably caused a certain degree of damage to the cells. 
The longer the drying time, the greater the extent of cell shrinkage and flattening of the cells that 
took place. Another reason is that when the osmotic solution contains large molar mass sucrose 
crystals, these cannot penetrate into the flattened cells of apples. As in the case of 40 min oven-
drying, Fig. 5.1 shows a negative trend of dry matter gain throughout 180 min of the OD for 
samples coated using a 50% malttodextrin solution. The approaching to zero dry matter gain was 
observed only at 180 min OD for samples coated using a 20% malttodextrin solution. The effect 
of oven-drying time on the negative dry matter gain was taken into account for these runs. 
 
Although being unstable during the OD process, the maltodextrin coating did help in the 
prevention of excessive sucrose uptake, as shown by comparing the dry matter gains in the 
coated samples with those in the non-coated samples. At the end of 180 min OD, the coated 
samples oven-dried for 40 min had 70% less dry matter gain compared to the coated samples 
oven-dried for 10 min, in the case of using a 20% maltodextrin solution for the coating. 
Therefore, even though the maltodextrin coating was an unstable gel during the OD, the presence 
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of the coating helped in the impediment of sucrose uptake. The impediment was greater when 
higher concentration of maltodextrin solution was used for coating. 
 
5.3.2 Sugar gain 
 
The amounts of sugar gain in different samples are shown in Fig. 5.4. In the non-coated samples, 
a drastically increased rate of sugar gain was observed during the first 10 min OD and extensive 
amount of sugar gain was occurred after 10 min OD. A much greater gain of solids is observed 
and this is in line with the findings on OD in the previous studies (Lazarides & Mavroudis, 1996; 
Lazarides et al., 1995). Rapid loss sucrose uptake in the beginning of 10 min OD is apparently 
due to the large osmotic driving force between the dilute solution of the fresh fruit and the 
surrounding hypertonic medium. Except for the samples coated using a 20% maltodextrin  
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solution and oven-dried for 10 min, all other coated samples experienced a negative gain in sugar 
content. In addition, the amount of negative sugar gain kept increasing within the first 10 min, 
then started decreasing towards zero. Throughout the 180 min OD, the samples coated using a 
50% maltodextrin solution had more negative sugar gain compared to the samples coated using a 
20% maltodextrin solution at the same oven drying time. The sugar gain in the samples coated 
using a 50% maltodextrin solution remained negative during the entire 180 min OD regardless of 
oven drying time, which means that the amount of sugar leaching out of the coating was greater 
than the amount of sugar penetrating into the sample from the osmotic medium. The loss of 
sugar might be limited if more stable coating materials were used. The oven-drying time of 
coating had a strong effect on the amount of sugar gain during the OD process. At the end of 180 
min OD, the amount was 87.8% lower in the samples oven-dried for 40 min compared to those 
oven-dried for 10 min, in the case of using 20% maltodextrin solution for the coating. Increasing 
the oven drying time resulted in a difference in the tissue compactness and intercellular spaces, 
leading to decreased sugar gain. The gradual increasing of sugar uptake was found during the 
OD in samples coated with a 20% maltodextrin solution and oven-dried for 10 min, and no 
significant increase in solute uptake was found for the first 10 min OD. Therefore, coating using 
a 20% maltodextrin solution allowed a significantly lower rate of penetration of sucrose into the 
food material without losing sugar form the samples while the non-coated samples had high rate 
of sucrose penetration throughout the OD. The influence of the concentration of matodextrin 
coating was clearly on sucrose uptake by maltodextrin-coated apples. The higher the 
concentration of the matodextrin, the higher the values of negative sugar gain, as the instability 
of attachment to apple was greater. A longer oven drying temperature also produced an increase 
in the negative sugar gain, as the values increased more sharply for the first 10 min of OD. These 
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results suggested 20% maltodextrin is suitable for coating apples with oven-drying time 10 min 
prior to the OD to prevent loss of sugar from apples. 
 
5.3.3 Moisture loss 
 
The moisture content of coated and non-coated samples during the OD process is shown in Fig. 
5.5. The initial moisture content of the non-coated samples prior to the OD was high (at 90.73%) 
because the samples did not undergo the oven drying step as the coated samples did for 
solidifying the coating layer. The oven-drying had a dramatic effect on the reduction in the 
moisture content of the coated samples at the beginning of the OD. The difference in the initial 
moisture content between the non-coated samples and coated samples that had undergone 10 min 
oven-drying was 28.6% while the difference between the non-coated samples and coated 
samples that had undergone 40 min oven-drying was 69.4%. 
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During the OD, the moisture contents of the coated samples was 33.1–52.8% lower than those of 
the non-coated samples, due to the coating that provided a greater barrier to moisture transfer 
from the samples to the osmotic solution. With 10 min oven drying, the samples coated using 
20% and 50% maltodextrin solutions had the same moisture loss (p < 0.05) during the OD. For 
the samples that were oven-dried for 40 min, the moisture content initially rose within the first 
60 min OD, then decreased slightly (5.7%) at 120 min. However, there was no difference (p < 
0.05) between the samples coated using a 20% maltodextrin solution and those using a 50% 
maltodextrin solution. The initial increase in the moisture content of the samples oven-dried for 
40 min was because the water potential at the surface of the samples after 40 min of oven-drying 
was lower than the water potential in the osmotic solution, thus water would be transported from 
the solution to the surface of the samples, resulting in a slight rise in the moisture content. 
Increasing the oven-drying time caused a decreased moisture loss in the coated samples during 
the OD, due to the shrinkage induced by longer drying. 
 
It was expected that non-coated samples in the osmotic sucrose media caused accelerated mass 
transfer of water loss and solute uptake and so were the results. As shown in Fig. 5.5 increasing 
oven drying time significantly decreased the water loss regardless of concentrations of 
maltodextrin used for coating samples. It seems that the rate is still slow in the water loss of the 
samples coated with a 20% or 50% maltodextrin solution and oven dried for 10 minutes.  
Therefore, it is more practical to use cross-linking method to harden the coatings on fruits 
because initial moisture content between samples treated with oven drying to solidify the 
coatings and samples without coating and oven drying is not comparable and moreover, this 
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degree of drying time and drying temperature appeared to contribute to the slight water loss 
observed which could be attributed to flattening of cells prior to the OD. 
 
5.3.4 Texture profile analysis (TPA) 
 
Fig. 5.6 shows a typical force–time curve for a raw apple from a TPA test. Hardness was defined 
by the peak force during the first compression cycle. Brittleness was measured as the distance 
which the probe travelled to reach the first peak in the first cycle. Springiness was measured as 
the ratio of the height of the second cycle to the height of the first cycle. Cohesiveness was 
calculated as the ratio of the area under the second cycle over the area under the first cycle. The 
experimental results on the hardness, brittleness, springiness and cohesiveness are shown in Figs. 
5.7–5.10, respectively. 
 
The peak force required for 50% deformation during first compression was indicated in Fig. 5.7, 
and left side and right side bar graphs represent hardness of samples before the OD and after the 
OD, respectively. As shown in Fig. 5.7, prior to the OD, the hardness of the non-coated samples 
and the samples coated using a 50% maltodextrin solution and oven-dried for 10 min were the 
same (p < 0.05), while the hardness of the samples coated using a 50% maltodextrin solution and 
oven-dried for 40 min was the same as that of the samples coated using a 20% maltodextrin 
solution and oven dried for 10 min (p < 0.05). The hardness of the samples coated using 20% 
maltodextrin solution and oven-dried for 40 min was the lowest at 182 ± 37 g. Hardness of the 
apple tissue was determined by the tugor pressure the cells exerted on the cell membrane by the 
swollen vacuole, which in turn pressed against the cellulose cell wall. For samples with better 
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structural integrity and/or higher moisture content, a greater force was required to counter the 
pressure generated by the water inside the cell vacuoles, thus, giving a rise to the hardness. 
 
After 180 min OD, the hardness of the non-coated samples decreased from 324 ± 26 g to 201 ± 
23 g, due to the reduced moisture content therefore reduced tugor pressure in the cells. In 
addition, reduction in hardness of non-coated samples was induced by softening to tissues, which 
in turn changes in cell wall structure.  Furthermore, softness was happened due to the hydrolysis 
of structural components in cell wall such as pectic substances and activation of specific 
enzymes to solubilise them (Monsalve-Gonzalez et al. (1993); Howard et al., 1995). The samples 
coated using a 50% maltodextrin solution and oven-dried for 10 min had same hardness before 
and after the OD (p<0.05), probably because that the chemical potential of the cells inside the 
apple cube after the oven-drying had attained similar chemical potential to that of the osmotic 
solution, which in turn results in less moisture removal from the samples after the OD.  
 





Fig. 5.7. TPA results of hardness for the coated and non-coated samples 
 
Meanwhile, the samples coated using a 50% maltodextrin solution and oven-dried for 40 min 
before and after the OD had hardness of 244 ± 60 g and 197 ± 20.9 g, respectively, which are 
statistically the same at p < 0.05. The OD also did not change the hardness of the samples coated 
using a 20% maltodextrin solution and oven-dried for 10 min. However, the samples coated 
using a 20% maltodextrin solution and oven-dried for 40 min significantly increased its hardness 
after the OD, probably due to the change in the cell membrane structure resulted from a longer 
period of oven-drying followed by the OD. Moreover,  longer oven-drying and coating with 
lower maltodextrin concentration reduces water content, especially in the surface layers after the 
OD, dry crust may acquire more mechanical force, which can withstand shrinkage stresses of the 
samples. Matuska et al., (2006) reported that for strawberry, non-coated samples, sodium 
alginate coated samples, osmotic-dehydrated non-coated samples, and osmotic-dehydrated 
coated samples all had the same hardness. The discrepancy between their findings and ours in 
this work, particularly on non-coated samples, might be due to the different cellular structures of 
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Fig. 5.8 shows the brittleness of all samples. The sample was compressed at a strain level of 
50%, therefore the maximum distance for the probe to move to break a sample was 5 mm for 
non-coated samples and samples coated using 20% and 50% maltodextrin solutions and oven-
dried for 10 min. The maximum distance was kept at 3.5 mm for all other samples. Prior to the 
OD, the non-coated samples and the samples coated using a 20% maltodextrin solution and 
oven-dried for 10 min had the statistically same brittleness at 3.99 ± 0.77 mm and 4.20 ± 0.66 
mm, respectively (p < 0.05). The samples coated using a 50% maltodextrin solution and oven-
dried for 10 min were the least brittle (1.56 ± 0.19 mm) among the samples before the OD. 
However, after the OD, the brittleness of all samples significantly decreased except the samples 
coated using either a 50% or 20% maltodextrin solution but oven-dried for 40 min. The decrease 
in brittleness means that less distance was required to move through a sample to break its 
structure, which was due to the loss of tugor allowing the probe to break the cells easily. Samples 
coated with a 50% or 20% maltodextrin solution and oven-dried for 40 min, brittleness was 
retained through the OD because previous controlled oven-drying process to harden the 
maltodentrin coating yielded capillary constriction and less water loss through the OD.  
 
As shown in Fig. 5.9, after the OD, the springiness of almost all the samples was the same as 
their springiness before the OD. Springiness depends on the gelling agent in the fruits and in 
most of the agriculture products. This quality is important as it measures the elastic behavior  
of the treated material. The only exception is the samples coated using a 20% maltodextrin 
solution and oven-dried for 10 min, whose springiness decreased after the OD. It is also possible 
to suggest that OD did not alter significantly the capacity of the non-coated and coated apples to 
return to its original shape after deformation. The reduction in the springiness was also a result of 
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the loss of tugor, reducing the cells’ ability to regain their original form. Fig. 5.10 shows the 
cohesiveness of all samples. The cohesiveness measures the rate at which the material 
disintegrates under mechanical action. The cohesiveness of the non-coated samples and the 
samples coated using 50% maltodextrin solution and oven-dried for 10 min increased after 
undergoing the OD, while the remaining samples showed no difference before and after the OD 
(p < 0.05) due to similar strengths of internal bonding before and after the OD. Cell walls 
provide support to plant cells, as well as support the cohesiveness of the plant tissue. The 
cohesiveness of the plant tissue is determined by the amount of pectic substances at the middle 
lamella. The cell membrane structure could have been altered during the OD process, causing the 





The unusual reduction in the dry matter in maltodextrin coated apple cubes during OD that was 
briefly reported in the literature has been verified by the study in this chapter. It has been 
demonstrated that the negative dry matter gain was due to the instability of the maltodextrin 
coating during the OD, which was confirmed by microscopic analysis. The maltodextrin gel 
partially dissolved into the osmotic solution even after being oven-dried for as long as 40 min, 
resulting in the observed negative dry matter gain and negative sugar gain. A higher 
concentration of the coating solution produced a thicker coating layer, leading subsequently to a 




Fig. 5.8. TPA results of brittleness for the coated and non-coated samples 
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Fig. 5.10.  TPA results of cohesiveness for the coated and non-coated samples 
 
solidifying the coating layer may produce a stronger coating, it could also bring more damage to 
the apple tissues that reduced the mass transfer rate during the subsequent OD process. Even 
though the maltodextrin coating was unstable in the osmotic solution, the fact that the dry matter 
gain and sugar gain of the coated samples were much smaller as well as slower than those of the 
non-coated samples demonstrated that the maltodextrin coating still provided a good barrier 
against solute uptake. Meanwhile, it also provided a large barrier to moisture loss. In order to 
prevent sugar uptake from the samples, it can be seen that the 20% maltodextrin solution was a 
suitable choice for coating samples and suggested oven drying time was 10 min. The above 
condition was found to be optimal for the design of a combined process of maltodextrin coating, 
oven drying and OD. The initial moisture contents of the maltodextrin-coated samples and non-
coated samples were not the same prior to the OD. The lower rate of moisture loss in the 
maltodextrin-coated samples during the OD was likely due to the oven drying of the 
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From the TPA results, it was observed that OD reduced the hardness of the non-coated apples 
and increased the hardness of apples coated with a 20% maltodextrin solution and oven dried for 
40 min. A decreased variation in brittleness was found in most of the samples except those 
samples coated using a 20% or 50% maltodextrin solution and oven dried for 40 min. In 
addition, longer oven drying time of 40 min produced no significant changes to the springiness 
through the OD regardless of the concentration of maltodextrin coating. The springiness was 
decreased after the OD in the samples coated using a 20% maltodextrin solution and oven-dried 
for 10 min. Furthermore, the TPA results showed that the OD produced higher cohesiveness in 
the non-coated samples and the samples coated using a 50% maltodextrin solution and oven-

















COMBINED TREATMENT OF COATING, OSMOTIC DEHYDRATION 
AND HOT AIR DRYING OF APPLES AND POTATOES 
 
Apples and potatoes are extremely perishable and as such, drying is one of the methods that can 
preserve them for future use. In this chapter, the impact of coatings including sodium alginate 
(SA) and low methoxyl pectinate (LMP) on the process of osmotic dehydration (OD) followed by 
hot air drying was studied and modelled. The diffusion model was validated with experimental 
moisture ratio data (Mr) with drying time, and results showed how the modelling conditions 
affected the values of water diffusivity (Dew) during hot air drying of SA and LMP-coated and 
non-coated apple cubes, SA and LMP-coated and non-coated apple cylinders and SA and LMP-
coated and non-coated potato cubes. A consideration of variable sample density with time was 
incorporated in the diffusion model, which accounted for the effect of shrinkage. Thickness 
shrinkage and volume shrinkage were considered, respectively. Water diffusivity Dew 
significantly increased for the coated and non-coated apple cubes and cylinders when the 
variation in density with time due to shrinkage was considered in the diffusion model. For the 
non-coated potato cubes, Dew also increased when the variation in density during the hot air 
drying was considered in the model. For the coated potato cubes, when volume shrinkage was 
considered in the model, the values of Dew were larger than those when thickness shrinkage or no 
shrinkage was considered. When comparing the average experimental Mr values with those 
estimated by the diffusion model, the model with a consideration of volume shrinkage provided 
the best fit to the data, showing that Fick’s law for diffusion correctly modeled the hot air drying 
process of the coated and non-coated apple cubes, coated and non-coated apple cylinders and 
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coated and non-coated potato cubes and it is an excellent tool for estimating mass diffusion 




Water is one of the main constituents of food and it has a direct influence on the quality and 
shelf-life of fruits and vegetables by physicochemical and biological changes. The fruits and 
vegetables must be processed to reduce its moisture to a certain level at which microbial spoilage 
and deterioration through chemical reactions are greatly minimized. Therefore, water removal is 
necessary. In summary, water removal provides the following benefits for fruits and vegetables: 
(1) a safe storage with an extended shelf-life, (2) low storage space due to decreased mass and 
(3) low transportation cost. Drying is one of the most common water removal processes. There 
are a wide variety of dehydrated foods available in the market (e.g. snacks, dry mixes and soups, 
dried fruits), and the major concern is on how to meet quality specifications and energy 
conservation.  
 
Conventional hot air drying is a simultaneous heat and mass transfer process, accompanied by 
phase change through an intensive energy operation (Barbanti et al., 1994) and is a process of 
high cost. Drying can easily account for up to 15% of all industrial energy usage, often with 
relatively low thermal efficiency in the range of 25–50% of total energy consumption (Chua et. 
al., 2001). The main objective of any drying process is to produce a dried product of desired 
quality at minimum cost and maximum dehydration efficiency and to optimize these factors 
consistently. Good quality of a dried food product implies that the dried product has undergone 
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several physical, chemical or biological changes to yield a product of desired specifications. A 
pre-treatment, such as osmotic dehydration (OD), can be used in order to reduce the initial water 
content and therefore hot air drying time. Besides, OD can also be used as a pre-treatment that 
inhibits enzymatic browning, retains natural colour (without adding sulphite) and retains volatile 
aroma compounds during the subsequent drying process (Pokharkar et al., 1997). Furthermore, 
compared to using only hot air drying, a softer dried product could be obtained by using a 
combination of OD and hot air drying.  
 
One of the critical issues particularly for hot air drying is to maintain original shape, size and 
appearance of dried foodstuff as much as possible (Hashemi et al., 2009). As evaporation of 
water progresses during the drying of fruits and vegetables, a volume reduction (shrinkage) is 
induced. As a result of the shrinkage, other related properties such as density and porosity will be 
affected. In addition, diffusion of water during drying will be decreased due to shrinkage within 
the cells. Moisture diffusivity is necessary to be evaluated in order to optimize the drying process 
since the water vapour transfer rate inside the food is mainly controlled by the migration of 
moisture toward the outside surface (Senadeera et al., 2000; 2003).  When the concentration of 
water vapour on the surface of food is in equilibrium with that of water vapour in hot air, the 
drying rate will significantly decrease and the moving of moisture from the inside of the food to 
the surface of the food will take place by mechanisms such as vapour diffusion, hydrodynamic 
flow, liquid diffusion, Knudsen diffusion or capillary flow. Mass transfer of water will depend 
on several process parameters such as air temperature, air flow rate, air humidity, type of food 
material, different pre-treatment methods and so on. Therefore, a number of studies have been 
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conducted to evaluate moisture diffusivity in different drying conditions with different types of 
food materials (Hashemi et al., 2009; Sharma and Prasad, 2004).  
 
Combination of coating, OD and convective hot air drying of apples was studied by Piotrowski 
et al. (2000) and Piotrowski & Lenart (2001), in which the effect of hot air temperature on the 
drying rate of coated and non-coated apples was investigated. Combination of coating, OD and 
freeze drying of strawberry was studied by Matuska et al., (2006). The impact of coating on OD 
and freeze-thawing of tender strawberry fruits was evaluated in their study.  After freeze-thawing 
of osmotically dehydrated samples (at 30 °C), the highest leakage (40.4% of initial weight) was 
found in non-coated strawberries. The lowest leakage (22.5%) was measured in osmo-
dehydrated strawberries coated (once or twice) with 0.5% SA solution. Although several studies 
on OD and air-drying of fruits have been published lately (Fernandes et. al., 2006; Agnelli et. al., 
2005; Alves et. al., 2005; Karim & Hawlader, 2005; Tsamo et. al., 2005; Babalis & Belessiotis, 
2004; Corzo & Go´mez, 2004; Togrul & Pehlivan, 2004; Demirel & Turhan, 2003; Doymaz, 
2004; Fito, 1994),  evaluation of diffusivity of osmotically dehydrated and coated food during 
convective hot air drying has not been reported before our work began. In this chapter, the OD of 
coated apples and potatoes followed by hot air drying in a heat pump dryer was studied. 
Experimental data were collected and used to estimate the diffusivity coefficients in the samples 
during the hot air drying process.  
 
6.2 MATERIALS AND METHODS 




Fresh Fuji apples and brown potatoes were directly purchased from a Singapore local market  
(NTUC Fair Price) and brought to the laboratory. The apples were stored in a refrigerator at 
around 5°C and the potatoes were stored in a wood cupboard at room temperature. Apples were 
cut into cubes of 1 cm × 1 cm × 1 cm by using a surgical knife or into a cylindrical geometry (1 
cm diameter and 1 cm thickness) by using a metal cork borer (HUMBOLDT, USA) after 
peeling. Potatoes were cut into 1 cm × 1 cm × 1 cm of cubic geometry after peeling. Two 
different coating materials i.e. sodium alginate (SA) and low methoxyl pectinate (LMP) were 
used in our study. The apple cubes, apple cylinders and potato cubes were immersed into either 
1% SA or 2% LMP solutions for 5 min immediately after being cut into the desired geometries. 
Then, samples were placed in 1% CaCl2 (for SA-coated samples) or 2% CaCl2 (for LMP-coated 
samples) for 30 min to achieve the required cross-linking for the coated apples and potatoes. 
Afterwards, all apple samples were blotted with filter paper and dehydrated in a 55% sucrose 
solution at 55°C for 4 hours. The coated potato cubes were blotted with filter paper and 
dehydrated in a 18% NaCl solution at 55 °C for 4 hours.  
 
6.2.2 Drying of coated apples and potatoes 
 
Since drying is an energy intensive process, using energy-efficient processes is desirable. In our 
study, the coated apples and potatoes were dried in a heat pump dryer. A schematic diagram of 
the heat pump dryer is shown in Fig. 6.1. The apparatus has two fluid flow cycles, i. e.  an air 
cycle and a refrigerant cycle. The air cycle consisted of (1) air duct, (2) electrical heater, (3) 
evaporator, (4) condenser, (5) air blower and (6) dryer. Dry air entered the dryer at point 1 and 
the moisture of food products was evaporated and picked up by the air in the dryer. The air 
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loaded with moisture at point 2 then passed into an evaporator coil. The refrigerant cycle 
contained a vapour compression heat pump and its accessories. The heat pump consisted of a 
reciprocating compressor (hermetic type), an air heated evaporator, an air cooled condenser, a 
thermal expansion valve, accessories (receiver, sight glass and filter dryer) and the insulated 
piping system. In the evaporator, refrigerant flowed to control cooling and dehumidification of 
the air. From point 2 to point 3, the air was cooled to its dew point. Water was condensed from 
the air by further cooling of the air. The heat was transferred to the refrigerant in the evaporator 
of the heat pump cycle. The refrigerant with the recovered heat was pumped to the condenser. 
The cooled air without water vapour was moved from point 4 to point 1 after absorbing heat to 
achieve the desired temperature for the dryer. Here, heat was injected to the drying air and this 
heated air entered the drying chamber. The condenser controlled the desired temperature of the 
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condition was set at 45 °C, 10% RH with circulating air velocity of 1 m/s and drying time of 5 
hrs. 
 
6.2.3 Modelling of the drying of coated apples 
 
Equation (6.1) previously described in Chapter 2 (i.e. Eq. (2.16)) can be used for estimating Dew 
for infinite slab geometry (Crank, 1975) during the falling rate period: 
 
                                                                                                                                              (6.1)                          
                                                                                                                                         
 where rM  is moisture ratio, w and we are moisture contents at drying time t and ∞, respectively, 
w0 is initial moisture content before drying and it is the moisture content of the sample right after 
the osmotic dehydration, D is effective diffusivity, l is half thickness of the slab, t is drying time. 
The mathematical model is valid under the following assumptions: (1) the whole drying period is 
falling rate, and (2) the temperature of the drying air is equal to the surface temperature of the 
food samples of any geometry (slice, cube, cylinder, etc.) at all time. Shrinkage is a result of 
moisture transfer and heat transfer during hot air drying and it should be taken into account in 
modelling the drying process. The following model was used for cubic geometry: 
 
 





















































Matlab was used to solve a non-linear regression problem for the above model by taking the first 
and second terms. Diffusivity was evaluated through the model under the following three 
different conditions: (1) no shrinkage was considered, (2) volume shrinkage was considered in 
the model, and (3) length shrinkage (i.e. thickness shrinkage) was considered in the model.  
Weight losses of the samples corresponding to drying time were recorded during the 5 hrs hot air 
drying process. For the condition (1) in the above, dry basis moisture contents of a sample with 
drying time were used in the model while the initial sample size l was used throughout the whole 
drying process. For the condition (2), the  concentration of water in the samples with drying time 
were used in the model, and the concentration of water at a specific drying time was evaluated by 
multiplying the density of the sample by moisture content of samples on wet weight basis.  For 
the condition (3), dry basis moisture contents of a sample with drying time were used in the 
model together with varying thickness (l) of the sample during the drying process.  
 
Solution of Fick’s Second Law used for a cylindrical configuration is as follows: 
                                                                                                                                  
 
 
                                                                                                                                              (6.3) 
where rM  w, we, w0,  D and t are the same as defined in the above equation (6.2).  l is half 
thickness of the cylindrical sample, r is radius of the cylindrical sample. βn is the n-th positive 
root of J0(x) = 0 where J0(x) is the Bessel function of the first kind of order zero. Diffusivity, Dew 
was evaluated through the model under the following different conditions: (1) no shrinkage was 



































process, (2) For the condition (2), the concentration of water in the samples with drying time 
were used in the model, and the concentration of water at a specific drying time was evaluated by 
multiplying the density of the sample by moisture content of samples on wet weight basis.  and 
(3) dimensional shrinkage was included in the model (i.e. varying thickness of the samples, l 
with drying time and varying diameter of the samples, r with drying time were used in the model 
Eq. (6.3). 
 
6.3 RESULTS AND DISCUSSION 
6.3.1 Drying of apple cubes 
 
The diffusion coefficient of water (Dew) for cubic apple samples was determined from 
experimental Mr data using equation (6.4) with the first and second terms included in the model. 
A series of combined OD and hot air drying experiments with the non-coated and coated samples 
was conducted to determine the values of Dew. Table 6.1 shows the diffusivity values of the 
samples with the corresponding RMSE values, which were estimated by using average 
experimental Mr values based on the dry weight of the samples without considering shrinkage. 
Results showed that the shrinkage and hardening of apple tissues offered higher resistance to 
moisture diffusion in the non-coated apple cubes leading to lower Dew than that of the coated 
apple cubes. Table 6.1 suggests that higher Dew can be provided by using the SA and LMP 
coatings prior to the OD and hot air drying compared to the non-coated apples for the same cubic 
geometry.  The values of moisture diffusivity obtained for the non-coated and coated apple cubes 
were in the range of 4.084 × 10-10 – 8.649 × 10-10 m2/s.  The Dew values obtained for the SA and 
LMP-coated apple cubes were the same (p>0.05).  The drying rates for all the apple samples 
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were in the falling rate period. The absence of a constant rate period might be due to that all the 
samples could have a rapid drying during the first step of the combined drying process, i.e. the 4-
hour OD process. Drying rates are mainly influenced by the moisture gradient in food samples 
(Strumillo & Kudra, 1986), and are also dependant on thickness and volume of the samples. The  
 
Table 6.1 Diffusivity values of coated and non-coated apple cubes during hot air drying without 
a consideration of shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated apple cubes 4.084 0.0477 
SA-coated apple cubes 8.639 0.0223 
LMP-coated apple cubes 8.582 0.0226 
 
non-coated apple cubes had more shrinkage during  the hot air drying leading to lower Dew value. 
Reduction in the porosity of apple tissues was caused by a shrinkage with the progression of the 
hot air drying process, and this shrinkage could increase the resistance to removal of water 
leading to a further reduction in diffusion rates in the non-coated samples. Rahman and Lamb 
(1991) found important differences between air drying rates in pineapple slices osmotically 
dehydrated in a 60 °Brix sucrose solution at 20°C and samples without undergoing an OD 
process. According to Rahman and Lamb (1991), the impregnation of sucrose into food samples 
during the OD increased the internal resistance to moisture removal during the further drying 
process. From our results, it seemed that much more sucrose impregnation in the non-coated 
apple cubes during the OD led to lower Dew during the hot air drying. The RMSE value for the 
non-coated apples for evaluating Dew was also higher than those of the coated apples.  
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Table 6.2 shows the values of moisture diffusivities of the coated and non-coated apple cubes by 
using average experimental Mr values based on dry weight with a consideration of thickness 
shrinkage. The Dew and RMSE values for each sample by using average experimental Mr values 
based on wet weight of material with a consideration of volume shrinkage are summarized in 
Table 6.3. The average effective moisture diffusivity during the convective hot air drying was 
found to be 7.213 × 10-10 and 7.316 × 10-10 m2/s for the SA and LMP-coated apples, respectively, 
while Dew of the non-coated apple cubes was 3.007 × 10-10 m2/s.  In addition, lower Dew and 
higher RMSE values were observed for the non-coated apple cubes than those of the coated apple 
cubes in this case. It was also found that significantly lower Dew values were observed (p < 0.05) 
for all the coated and non-coated samples than those without a consideration of shrinkage. 
 
The Dew values in the SA and LMP-coated samples were 10.847 × 10-10 and 11.431 × 10-10 m2/s, 
respectively, while Dew for the non-coated apple cubes was 4.481 × 10-10 m2/s by using average 
experimental Mr values based on wet weight with a consideration of volume shrinkage. The Dew 
values of all the samples by using average experimental Mr data based on wet weight with a 
consideration of volume shrinkage were much greater than those using average experimental Mr 
data based on dry weight with a consideration of thickness shrinkage and those without a 
consideration of shrinkage (p < 0.05). By taking the volume shrinkage into account, the accuracy 
of the effective diffusivity was improved for all the coated and non-coated samples with lower 
RMSE. These results show that the influence of the SA and LMP coatings during the hot air 
drying was well described by Fick’s diffusion model because lower RMSE than that of the non-
coated apple cubes was found when thickness shrinkage or no shrinkage was considered while 
similarly low RMSE with that of the non-coated samples was found when volume shrinkage was 
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considered. It has also been found that a consideration of volume shrinkage throughout the 
convective hot air drying process gave more accurate results in identifying Dew for all the coated 
and non-coated samples. Therefore, Dew is moisture dependent as well as shrinkage dependent 
during the hot air drying process. 
 
Table 6.2 Diffusivity values of coated and non-coated apple cubes during hot air drying with a 
consideration of thickness shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated apple cubes 3.007 0.0477 
SA-coated apple cubes 7.213 0.0223 
LMP-coated apple cubes 7.316 0.0226 
 
Table 6.3 Diffusivity values of coated and non-coated apple cubes during hot air drying with a 
consideration of volume shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated apple cubes 4.481 0.0093 
SA-coated apple cubes 10.847 0.0130 
LMP-coated apple cubes 11.431 0.0105 
 
Validation of Fick’s diffusion model was carried out by using average experimental Mr data at 
the 40th, 80th, 120th, 160th, 200th, 240th, 280th, 320th, and 360th min for all the three cases while the 
identification of Dew was conducted by using average experimental Mr data at the  20th, 60th, 
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100th, 140th, 180th, 220th, 260th, 300th, and 340th min. Figs 6.1 - 6.9 show the predicted Mr versus 
average experimental Mr for the coated and non-coated apple cubes without a consideration of 
shrinkage, with a consideration of thickness shrinkage and with a consideration of volume 
shrinkage, respectively. Table 6.4 shows the correlation coefficient, RMSE and R2 values for the 
validation results of Fick’s diffusion model. As it can be observed in Figures 6.1 to 6.9 and Table 
6.4, the correlation coefficients for the all coated and non-coated apple cubes provided by the 
proposed model were ranging from 0.9701 to 0.9995. A reasonably good correlation between the 
predicted Mr and the experimental Mr for all the coated and non-coated apple cubes were 
observed regardless if shrinkage was considered or not. The data points for all the coated and 
non-coated apple cubes distributed adequately on the 45o straight line with R2 values ranging 
from 0.9761 to 0.9981. However, higher RMSE values were observed in the model validation for 
the non-coated apple cubes when shrinkage was not considered or when thickness shrinkage was 
considered. It could be due to a high shrinkage effect in the non-coated apple samples during the 
hot air drying. Ignoring an increasing in density with drying time provided a less agreement with 
Fick’s diffusion model, and the model which accounted for the increasing in density (i.e. volume 
shrinkage was considered) of the non-coated apple cubes gave a better agreement with the 
experimental observations, as shown in Fig. 6.9 and Table 6.4. For the SA and LMP-coated apple 
cubes, the predicted values by the diffusion model agreed well with the average experimental Mr 
data regardless if no shrinkage, thickness shrinkage or volume shrinkage was considered. Sample 
volume variations of the coated and non-coated samples during the air hot drying processes were 
experimentally measured. The non-coated apple cubes that were osmotically dehydrated using an 
osmotic solution of 65% sucrose at 55°C for 4 hrs shrank almost 52.6±2.0 % after the hot air 
drying, while the SA-coated apple cubes with the same OD process shrank almost 37.3±2.1% and 
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the LMP-coated apple cubes shrank almost 36.7±1.8%. These results indicated the legitimacy 
and necessity of considering variable volume during the hot air drying in the model to improve 
the accuracy of diffusivity values in all the coated and non- coated apple cubes.  
 
 
Fig. 6.2 Model verification for hot air drying of the SA-coated apple cubes by using moisture loss 
data based on dry weight without a consideration of shrinkage 






















Fig. 6.3 Model verification for hot air drying of the LMP-coated apple cubes by using moisture 
loss data based on dry weight without a consideration of shrinkage 
 
Fig. 6.4 Model verification for hot air drying of the non-coated apple cubes by using moisture 
loss data based on dry weight without a consideration of shrinkage 








































Fig. 6.5 Model verification for hot air drying of the SA-coated apple cubes by using moisture loss 
data based on dry weight with a consideration of thickness shrinkage 
 
Fig. 6.6 Model verification  for hot air drying of the LMP-coated apple cubes by using moisture 
loss data based on dry weight with a consideration of thickness shrinkage 











































Fig. 6.7 Model verification for hot air drying of the non-coated apple cubes by using moisture 
loss data based on dry weight with a consideration of thickness shrinkage 
 
Fig. 6.8 Model verification for hot air drying of the SA-coated apple cubes by using moisture loss 
data based on wet weight with a consideration of volume shrinkage 










































Fig. 6.9 Model verification for hot air drying of the LMP-coated apple cubes by using moisture 
loss data based on wet weight with a consideration of volume shrinkage 
 
ANOVA results indicated that the both coating treatments of apple cubes prior to the OD and hot 
air drying have a significant effect on the average effective moisture diffusivity for all the three 
cases at 5% level of significance. The results showed that the use of SA and LMP coatings 
provided an advantage of having a higher moisture diffusion rate during the hot air drying after 
the OD process. These results suggest that the total processing time can be reduced and the 
overall productivity can be increased by using SA and LMP coatings prior to drying processes. 
 
























Fig. 6.10 Model verification  for hot air drying of the non-coated apple cubes by using moisture 
loss data based on wet weight with a consideration of volume shrinkage 
 




SA-coated apple cubes for verification of model by using 
data based on dry weight without a consideration of 
shrinkage 
0.9991 0.0088 0.9978 
LMP-coated apple cubes for verification of model by using 
data based on dry weight without a consideration of 
shrinkage 
0.9995 0.0078 0.9981 


















non-coated apple cubes for verification of model by using 
data based on dry weight without a consideration of 
shrinkage 
0.9701 0.0315 0.9761 
SA-coated apple cubes for verification of model by using 
data based on dry weight with a consideration of thickness 
shrinkage 
0.9991 0.0088 0.9978 
LMP-coated apple cubes for verification of model by using 
data based on dry weight with a consideration of thickness 
shrinkage 
0.9995 0.0078 0.9981 
non-coated apple cubes for verification of model by using 
data based on dry weight with a consideration of thickness 
shrinkage 
0.9701 0.0315 0.9761 
SA-coated apple cubes for verification of model by using 
data based on wet weight with a consideration of volume 
shrinkage 
0.9926 0.0085 0.9769 
LMP-coated apple cubes for verification of model by using 
data based on dry weight without consideration of shrinkage 
0.9954 0.0072 0.9816 
non-coated apple cubes for verification of model by using 
data based on dry weight without consideration of shrinkage 
0.9829 0.0094 0.9837 
 
 
6.3.2 Drying of apple cylinders  
 
The diffusion coefficient of water (Dew) for apple cylinders was determined from average 
experimental Mr data using equation (6.5) with the first and second terms included in the model. 
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The Dew values for all the non-coated and coated apple cylinders by using average experimental 
Mr data based on dry weight without a consideration of shrinkage and with a consideration of 
thickness and diameter shrinkage are presented in Tables 6.5 and 6.6, respectively. The Dew 
values for all the non-coated and coated apple cylinders by using average experimental Mr data 
based on wet weight with a consideration of volume shrinkage are shown in Table 6.7. It can be 
seen that Dew of the non-coated samples was significantly lower than those of the coated apple 
cylinders in all cases regardless of considering shrinkage or not. The lower Dew values for the 
non-coated apple cylinders can be attributed to the preventing of moisture removal from the 
samples due to large impregnation of sucrose in the pores causing a reduction in porosity, which 
was similar to the results reported by Reppa et al. (1999). In addition, impregnated sucrose in the 
non-coated cylindrical samples was becoming a water-binding agent leading to an increased 
internal resistance to moisture removal (Pokharkar & Prasad, 2002; Rahaman & Lamb, 1991). 
Furthermore, the impregnated sucrose layer became hardened as the hot air drying progressed 
causing less water diffusion. The high Dew values in the coated samples might be due to less cell 
destruction during the OD and therefore, leaving more diffusion paths for moisture movement 
during the hot air drying.  It could also be due to initial high moisture content in the coated apple 
cylinders before the hot air drying as compared to that in the non-coated apple cylinders. The 
effective moisture diffusivity Dew in the coated and non-coated apple cylinders ranged from 
3.176 × 10-10 to 7.702 × 10-10 m2/s by using average experimental Mr data based on dry weight 
without a consideration of shrinkage. These values were lower than the corresponding Dew values 
in the coated and non-coated apple cubes. It is also observed from Table 6.6 that the Dew values 
ranged from 2.205 × 10-10 to 5.749 × 10-10 m2/s for the non-coated and coated apple cylinders 
during the convective hot air dehydration by using average experimental Mr data based on dry 
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weight with a consideration of thickness and diameter shrinkage. Table 6.7 shows that the Dew 
values of the non-coated and coated apple cylinders ranged from 3.322 × 10-10 to 9.156 × 10-10 
m2/s when volume shrinkage was considered. 
 
Lower Dew values were observed for the non-coated and coated apple cylinders with a 
consideration of thickness and diameter shrinkage when compared to Dew for the same samples 
without a consideration of shrinkage. However, when volume shrinkage was considered, the Dew 
values became larger with lower RMSE values. Furthermore, there was a sharp decrease in the 
RMSE values when using average experimental Mr based on wet weight with a consideration of 
varying density. This is because shrinkage of fruit tissue happens in dehydration processes and 
must be considered in diffusion modeling.  From our results, the differences between the Dew 
values with and without considering shrinkage were very significant for the coated and non-
coated samples. The root mean square error, RMSE, for the non-coated samples was significantly 
higher than those of the SA and LMP-coated apple cylinders when shrinkage was not considered 
or when thickness and diameter shrinkage was considered. By considering varying density of the 
non-coated apple cylinders during the hot air drying, the RMSE values were significantly 
decreased. This confirms that volume shrinkage is necessary to be considered in diffusion 
models.  
 
To validate the simulation, average experimental Mr values at the 40th, 80th, 120th, 160th, 200th, 
240th, 280th, 320th and 360th min were used, while the identification of Dew were carried out by 
using average experimental Mr values at the 20th, 60th, 100th, 140th, 180th, 220th, 260th, 300th and 
340th min. Figs 6.10 – 6.18 show the predicted Mr versus the experimental Mr for the coated and 
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non-coated apple cylinders without considering shrinkage, with a consideration of thickness and 
diameter shrinkage and with a consideration of volume shrinkage, respectively. Table 6.8 
presents the correlation coefficients, RMSE as well as R2 values obtained from the model 
validation for all the coated and non-coated apple cylinders. It can be seen from this table that the 
lowest RMSE values were for the coated and non-coated apple cylinders by using average 
experimental Mr with a consideration of varying density. Figs. 6.10 - 6.15 show that the model 
results were not very satisfactory. The RMSE values between the experimental and predicted Mr 
data ranged from 5.72 to 6.08 %, for all the coated and non-coated apple cylinders without 
considering shrinkage or with a consideration of thickness shrinkage. For those cases, the RMSE 
values between the experimental and predicted Mr values for the non-coated apple cylinders were 
greater than those of the SA and LMP-coated apple cylinders. The non-coated samples  
 
Table 6.5 Diffusivity values of coated and non-coated apple cylinders during hot air drying 
without a consideration of shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated apple cylinders 3.176 0.0936 
SA-coated apple cylinders 7.702 0.0597 







Table 6.6 Diffusivity values of coated and non-coated apple cylinders during hot air drying with 
a consideration of thickness and diameter shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated apple cylinders 2.205 0.0938 
SA-coated apple cylinders 5.749 0.0597 
LMP-coated apple cylinders 5.436 0.0634 
 
Table 6.7 Diffusivity values of coated and non-coated apple cylinders during hot air drying with 
a consideration of volume shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated apple cylinders 3.322 0.0109 
SA-coated apple cylinders 9.097 0.0247 
LMP-coated apple cylinders 9.156 0.0241 
 
 
experienced a large volume reduction (66.2±1.7% shrinkage), whereas the SA and LMP-coated 
samples had less volume reductions (54.9±3.9% shrinkage for the SA-coated and 
56.1±3.1%LMP-coated samples). 
 
According to Ratti (1994), the shrinkage and moisture of apple cylinders during convection 
drying changes as the moisture transfer mechanism switches from external to internal control. It 
was claimed that under external control conditions, stresses inside the food were minimal, and 
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shrinkage was pronounced at the beginning of a hot air drying process. Under internal control 
conditions, on the other hand, the moisture content decreased very fast at the beginning of the hot 
air drying process so that the surface of food products became stiff, which was called a case 
hardening phenomenon. Limitation of moisture removal can occur due to a combination of 
subsequent shrinkage and case hardening. Fair predictions were found for Mr during the hot air 
drying of the coated apple cylinders as the R2 values ranged from 0.8127 – 0.8989 as shown in 
Table 6.8.  For the non-coated apple cylinders, a good prediction of Mr could be achieved with 
the R2 values ranging from 0.9476 – 0.9968. Some model discrepancies can be seen in Figs. 6.10, 
6.11, 6.13, 6.14, 6.16 and 6.17. Comparing the model predicted Mr and the experimental Mr for 
the coated and non-coated apple cylinders with a consideration of volume shrinkage, the model 
predicted Mr were closer to the experimental Mr  for the non-coated apple cylinders. For the 







Fig. 6.11 Model verification for hot air drying of the SA-coated apple cylinders by using 
moisture loss data based on dry weight without a consideration of shrinkage 
 
Fig. 6.12 Model verification for hot air drying of the LMP-coated apple cylinders by using 
moisture loss data based on dry weight without a consideration of shrinkage 
 










































Fig. 6.13 Model verification for hot air drying of the non-coated apple cylinders by using 
moisture loss data based on dry weight without a consideration of shrinkage 
 
 
Fig. 6.14 Model verification for hot air drying of the SA-coated apple cylinders by using 
moisture loss data based on dry weight with a consideration of thickness and diameter shrinkage 








































Fig. 6.15 Model verification for hot air drying of the LMP-coated apple cylinders by using 
moisture loss data based on dry weight with a consideration of thickness and diameter shrinkage 
 
Fig. 6.16 Model verification for hot air drying of the non-coated apple cylinders by using 
moisture loss data based on dry weight with a consideration of thickness and diameter shrinkage 











































Fig. 6.17 Model verification for hot air drying of SA-coated apple cylinders by using moisture 
loss data based on wet weight with a consideration of volume shrinkage 
 
Fig. 6.18 Model verification for hot air drying of the LMP-coated apple cylinders by using 
moisture loss data based on wet weight with a consideration of volume shrinkage 
 
 








































Fig. 6.19 Model verification for hot air drying of the non-coated apple cylinders by using 
moisture loss data based on wet weight with a consideration of volume shrinkage 
 




SA-coated apple cylinders, using data based on dry weight 
without a consideration of shrinkage 
0.9825 0.0608 0.8835 
LMP-coated apple cylinders, using data based on dry weight 
without a consideration of shrinkage 
0.9819 0.0575 0.8989 
non-coated apple cylinders, using data based on dry weight 
without a consideration of shrinkage 
0.9812 0.0572 0.9479 
SA-coated apple cylinders, using data based on dry weight 
with a consideration of  thickness and diameter shrinkage  
0.9826 0.0607 0.8837 
LMP-coated apple cylinders, using data based on dry weight 
with a consideration of thickness and diameter shrinkage 
0.9820 0.0574 0.8991 




















non-coated apple cylinders, using data based on dry weight 
with a consideration of thickness and diameter shrinkage 
0.9811 0.0574 0.9476 
SA-coated apple cylinders, using data based on wet weight 
with a consideration of volume shrinkage 
0.9237 0.0279 0.8127 
LMP-coated apple cylinders, using data based on wet weight 
with a consideration of volume shrinkage 
0.9280 0.0284 0.8530 
non-coated apple cylinders, using data based on wet weight 
with a consideration of volume shrinkage 
0.9956 0.0062 0.9968 
 
6.3.3 Drying of potatoes cubes 
 
The effective diffusivity values for potato cubes evaluated in our study are shown with RMSE in 
Tables 6.9–6.11. The identified Dew by using average experimental Mr based on dry weight 
without a consideration of shrinkage was ranging from 3.701 × 10-10 to 7.296 × 10-10 m2/s as 
shown in Table 6.9. The value of Dew for the non-coated potato cubes was lower than those of 
the SA and LMP-coated potato cubes identified from the same Fick’s diffusion model. This 
difference can be attributed to disruption of cells in the non-coated potato cubes, and the higher 
uptake of salt from the OD medium during the OD. The OD process could cause severe structure 
change in the non-coated potato cubes due to an exposure to high OD temperature. Using 
average experimental Mr data based on dry weight with a consideration of thickness shrinkage, 
the effective diffusivity varied between 2.795× 10−10 and 6.350 × 10−10 m2/s as shown in Table 
6.10. The RMSE values were higher for the non-coated potato cubes than those for the coated 
samples without a consideration of shrinkage or with a consideration of thickness shrinkage. The 
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estimated diffusion coefficients Dew were 4.5363  × 10−10 m2/s for the non-coated potato cubes, 
7.2755  × 10−10 m2/s and 6.5958  × 10−10 m2/s for the SA and LMP- coated potato cubes,  
 
Table 6.9 Diffusivity values of coated and non-coated potato cubes during hot air drying without 
a consideration of shrinkage 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated potato cubes 3.701 0.0609 
SA-coated potato cubes 7.296 0.0441 
LMP-coated potato cubes 6.810 0.0344 
 
Table 6.10 Diffusivity values of coated and non-coated potato cubes during hot air drying with a 
consideration of thickness shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated potato cubes 2.795 0.0609 
SA-coated potato cubes 6.350 0.0441 









Table 6.11 Diffusivity values of coated and non-coated potato cubes during hot air drying with a 
consideration of volume shrinkage 
 
Samples Dew ×1010 (m2/s) RMSE 
Non-coated potato cubes 4.536 0.0132 
SA-coated potato cubes 7.276 0.0147 
LMP-coated potato cubes 6.596 0.0135 
 
respectively, by using average experimental Mr data based on wet weight with a consideration of 
volume shrinkage. When thickness and volume shrinkages were considered, Dew of the non-
coated potato cubes was lower than that of the coated samples. Furthermore, Dew of the coated 
and non-coated potato cubes was lower than those of the coated and non-coated apple cubes. 
According to the previous OD results in Chapter 3, samples immersed in a salt solution had a 
great performance ratio (WL/SG), indicating a high efficiency of water removal with minimal 
solute uptake for all coated and non-coated potato cubes.  Potato cubes dehydrated in salt 
solutions showed a greater mass transfer resistance to water loss during the OD and provided a 
lower performance ratio. Salt impregnation is more in the non-coated potato cubes during the 
OD due to its lower molecular weight than sucrose. This fact further resulted in lower water 
diffusion during the hot air drying. In fact, the microstructure of the hot air dried, non-coated 
potato cubes seemed to have compacted structures that made the penetration of moisture 
molecules through the dry material harder and therefore the moisture diffusivity became lower. 
From these results, one can deduce that the coatings had a big influence on the value of 
diffusivity during the hot air drying of potato cubes. Moreover, it is noted that the diffusivity 
values of all the coated and non-coated potato cubes decreased when thickness shrinkage was 
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considered. However the diffusivity values became increased for all the samples when volume 
shrinkage was considered. The Dew values of the non-coated potato cubes with a consideration of 
volume shrinkage was significantly bigger than those when no shrinkage or thickness shrinkage 
was considered (p<0.05).  The Dew values of the SA and LMP-coated potato cubes with a 
consideration of volume shrinkage was significantly larger than the Dew value when thickness 
shrinkage was considered, but was the same as the Dew value when  shrinkage was not 
considered (p>0.05). The RMSE value for the non-coated potato cubes was higher than those of 
the coated potato cubes when shrinkage was not considered and when thickness shrinkage was 
considered. The RMSE values for all the coated and non-coated potato cubes became lower when 
density variation (i.e. volume shrinkage) was considered. These results confirm that volume 
shrinkage is an important variable to be included in identifying Dew for hot air drying operations.  
 
The average moisture content data obtained for the coated and non-coated potato cubes at the 
40th, 80th, 120th, 160th, 200th, 240th, 280th, 320th and 360th min were converted to the moisture 
ratio (Mr) and then compared to the model predicted Mr for verifying the model. Table 6.12 
shows the correlation coefficients R2 and RMSE. Figs. 6.19 - 6.27 show the comparison between 
the experimental and predicted average Mr during the hot air drying of the coated and non-coated 
potato cubes, respectively. The experimental data and the model predictions showed a good 
agreement, with the relative errors never exceeding 4% for the coated and non-coated samples in 
the cases of using experimental Mr based on dry weight of the material without a consideration 
of shrinkage and with a consideration of thickness shrinkage. The RMSE values for the coated 
and non-coated potato cubes were reduced to 1.19 – 1.43 % when volume shrinkage was 
considered. Good correlation coefficients ranging from 0.9675 – 0.9936 were obtained for the 
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non-coated and coated potato cubes regardless if shrinkage was considered or not. As mentioned 
earlier, the volume of the samples was experimentally measured by a digital calliper during the 
hot air drying. As shown in Table 6.12, the R2 and RMSE values obtained from the diffusion 
model were not significantly different for the coated and non-coated potatoes. As it can be seen 
from Figs. 6.19 - 6.27, the proposed model provided a good agreement to the experimental  
 
 
Fig. 6.20 Model verification for hot air drying of the SA-coated potato cubes by using moisture 
loss data based on dry weight without a consideration of shrinkage 





















Fig. 6.21 Model verification for hot air drying of the LMP-coated potato cubes by using moisture 
loss data based on dry weight without a consideration of shrinkage 
 
Fig. 6.22 Model verification for hot air drying of the non-coated potato cubes by using moisture 
loss data based on dry weight without a consideration of shrinkage 












































Fig. 6.23 Model verification for hot air drying of the SA-coated potato cubes by using moisture 
loss data based on dry weight with a consideration of thickness shrinkage 
 
Fig. 6.24 Model verification for hot air drying of the LMP-coated potato cubes by using moisture 
loss data based on dry weight with a consideration of thickness shrinkage 












































Fig. 6.25 Model verification for hot air drying of the non-coated potato cubes by using moisture 
loss data based on dry weight with a consideration of thickness shrinkage 
 
 
Fig. 6.26 Model verification for hot air drying of the SA-coated potato cubes by using moisture 
loss data based on wet weight with a consideration of volume shrinkage 








































Fig. 6.27 Model verification for hot air drying of the LMP-coated potato cubes by using moisture 
loss data based on wet weight with a consideration of volume shrinkage 
 
Fig. 6.28 Verification of model during drying of non-coated potato cubes by using moisture loss 
data based on wet weight with consideration of volume shrinkage 




































moisture ratios (Mr). This indicates the suitability of the diffusion model in describing drying 
behavior of the coated and non-coated potato cubes. Volume shrinkage should be included in the 
model.  
 
The results clearly showed that the applications of coatings prior to the OD and hot air drying 
had a significant effect on the Dew value. Resistant boundary layers could be reduced by using 
the SA and LMP coatings prior to the OD and hot air drying. Volume shrinkage of the SA and 
LMP-coated potato cubes was found to be 31.7±3.6% and 35.9±1.8% respectively while 
shrinkage of the non-coated potato cubes was 54.0±4.8 during the hot air drying. Confirmation 
on the usability or validity of the diffusion model was evident for all the coated and non-coated 
potato cubes with a consideration of volume shrinkage.  
 




SA-coated potato cubes, using data based on dry weight 
without a consideration of shrinkage 
0.9936 0.0367 0.9750 
LMP-coated potato cubes, using data based on dry weight 
without a consideration of shrinkage 
0.9801 0.0387 0.9733 
non-coated potato cubes, using data based on dry weight 
without a consideration of shrinkage 
0.9675 0.0375 0.9382 
SA-coated potato cubes, using data based on dry weight with 
a consideration of  thickness and diameter shrinkage  
0.9936 0.0367 0.9750 
LMP-coated potato cubes, using data based on dry weight 0.9801 0.0387 0.9733 
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with a consideration of thickness and diameter shrinkage 
non-coated potato cubes, using data based on dry weight 
with a consideration of thickness and diameter shrinkage 
0.9675 0.0375 0.9382 
SA-coated potato cubes, using data based on wet weight with 
a consideration of volume shrinkage 
0.9932 0.0131 0.9644 
LMP-coated potato cubes, using data based on wet weight 
with a consideration of volume shrinkage 
0.9779 0.0143 0.9653 
non-coated potato cubes, using data based on wet weight 
with a consideration of volume shrinkage 




Solutions of Fick’s Second Law for diffusion in cubic and cylindrical geometries successfully 
determined the effective water diffusion coefficient (Dew) in the coated and non-coated apple 
cubes, apple cylinders and potato cubes during the hot air drying. Application of hydrophillic 
coatings such as SA and LMP on apple cubes, apple cylinders and potato cubes prior to the OD 
and hot air drying resulted in higher Dew as values of Dew of the non-coated samples was 
significantly lower than those of the coated samples with or without a consideration of shrinkage. 
Furthermore, it was found that higher Dew was achieved when variation in concentration of water 
in the samples during drying was considered in the model. The lowest values of RMSE as 
observed under the consideration of variations in concentration of water in the samples indicate 
better evaluations of Dew for all the samples by using the diffusion model. The values of Dew of 
the coated and non-coated apple cylinders were significantly lower than those of the coated and 
non-coated apple cubes with a consideration of variations in concentration of water in the 
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samples (or variations in the sample’s thickness and diameter) and without a consideration of 
shrinkage. In addition, the values of Dew of the coated and non-coated apple cubes were 
significantly higher than those of the coated and non-coated potato cubes with a consideration of 
variations in concentration of water in the samples and thickness and without a consideration of 
shrinkage. The model predicted Mr results of the coated and non-coated apple cubes, apple 
cylinders and potato cubes were found to be in a good agreement with the experimental Mr 



















MICROSTRUCTURE OF POTATOES AND APPLES AFTER OSMOTIC 




In this chapter, the beneficial effects of hydrophilic coatings such as SA and LMP on 
microstructures of potatoes and apples after OD and convective hot air drying were investigated. 
Potatoes and apples were coated with SA and LMP, and then osmotically dehydrated with 
osmotic solutions including 18% salt, 65% dextrose and 65% sucrose solutions, for 3 hrs in salt 
solution and 4 hrs in dextrose and sucrose solutions at 55°C. Non-coated samples were also dried 
by the same OD processes for comparison. Scanning electron microscopy (SEM) was used to 
examine microstructure changes of the coated and non-coated vegetable and fruit tissues after the 
OD. Main observations in the non-coated samples were plasmolysis with shrinkage of cells and 
collapse of cell walls. In addition, molecular weight of the osmotic agent had a significant impact 
on the loss in cellular structures of the non-coated apples and potatoes after the OD. The coatings 
resulted in improvements in the structure of the plant tissues. The osmotically dehydrated coated 
and non-coated apples with the 65% sucrose solution at 55°C were further dried in a hot air dryer 
at 45°C with RH of 18%. After that, the microstructure of the coated and non-coated apples was 
examined again by SEM. In both the non-coated and LMP-coated apple tissues, structural 
damage to the cell walls was observed. The non-coated apple tissue suffered more damage after 
the combined OD and convective hot air drying. Results confirmed that the SA-coated apple 





OD and hot air drying processes involve simultaneous mass transfers resulting in an alteration of 
chemical, physical and microstructure characteristics of plant tissues such as changes in 
volume/porosity (Lozano et al., 1983; Mayor and Sereno, 2004), changes in mechanical 
properties (Telis et al., 2005) and color changes (Krokida et al., 2000). Investigation of these 
changes is important because they are related to quality of the final products (Perera, 2005) and 
impact on other issues such as process modelling, food classification and design of equipments 
(Mayor et al., 2005; Nesvabda, 2005; Rahman, 2005; Rao and Quintero, 2005). 
 
Quality of a food product is related to its sensorial (shape, size, color) and mechanical (texture) 
characteristics. These features are strongly affected by the food structural organization (Stanley, 
1987) that, according to Fardet et al. (1998), can be studied at molecular, microscopic, and 
macroscopic levels. In particular, microstructure and interactions of components, such as protein, 
starch, and fat, determine the texture of a food that could be defined as the ‘‘external indication 
of the structure’’ (Allan-Wojtas et al., 2001). Microstructure can affect food sensorial properties, 
and foods having a similar microstructure also have similar textural properties (Kala´b et al., 
1995). Since microstructure is determined both by nature and by processing, food processing can 
be considered as a way for obtaining the desired microstructure (and consequently the desired 
properties) from the available components of food materials (Aguilera, 2000). As a consequence, 
knowledge of microstructure could provide textural (Ding & Gunasekaran, 1998) and other food 
characteristics. Most of the changes can be observed during food processing at a macroscopic 
level as well as changes at a microscopic level. Therefore, investigation of microstructure 
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changes during OD and hot-air drying is an important task in order to better understand and 
estimate changes caused by physical and chemical properties at cellular structure level. Cellular 
structure provides a large impact on textural properties of food products for consumers as the 
demand for healthy, natural and tasty processed fruits and vegetables continuously increases for 
finished products (Ilker & Szezesnaik, 1990; Torreggiani & Bertolo 2001). Texture loss could be 
taken place due to rupture of cellular membranes and loss of turgor pressure (Ludikhuyze & 
Hendrickx, 2001). Plant tissues often contain many small vacuoles as shown in Fig. 7.1. Fresh 
apples and potatoes contain more than 80% water within a rigid cell wall structure, which is 
responsible for their crisp and crunchy texture, but also for their high perishability. When plant 
tissue is placed in a concentrated osmotic solution during OD, water will be removed from the 
plant tissues by osmosis. As a result of a quick loss in the turgor pressure, the vacuole and the 
rest of the protoplasm will shrink, causing the plasma membrane to draw it away from the cell 
wall. This phenomenon is known as “plasmolysis” (Raven et al., 1999), and it has been observed 
during OD of potato (Mauro et. al., 2002) and strawberry (Ferrando & Spiess, 2001). Cellular 
shrinkage has been observed during OD of apple (Lewicki & Porzecka- Pawlak, 2005) and 
convective drying of grapes (Ramos et. al., 2004). 
 
Several types of microscopy techniques can be used for the observation of food microstructure. 
They allow the generation of data in the form of images (Kala´b et al., 1995). The application of 












Fig. 7.1 Plant Vacuole (Reference: 
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/P/PlantCell.html) 
 
microstructure of foods. The effect of combined OD and convective hot air drying on tissue 
structure of coated foods has not been a subject of extensive studies.  Hence, the main objective 
of the study in this chapter was to assess the application of coatings on the microstructure of 
fruits and vegetables after OD and convective hot air drying as this may in turn influence the 
process efficiency.  
 
7.2 MATERIALS AND METHODS 
7.2.1 Materials  
 
Brown potatoes and Fuji apples were obtained from local market. Salt (NaCl, 99.5% purity, 
analytical grade, Merck, Germany), dextrose (C6H12O6.H2O, food grade, Sigma, U.S.A) and 
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sucrose (C126H22O11, 99.5% purity, food grade, BDH, England) were used as the osmotic agents. 
Sodium alginate (SA, food grade, Degussa, France) and low methoxyl pectinate (LMP, food 
grade, degree of esterification: 31.5%, Degussa, France) were used as the coating materials. 





Coating was done to potato and apple cubes (1 cm3) with 1% SA or 2% LMP solution. The cubes 
were immersed into an aqueous solution of 1% SA or 2% LMP at room temperature for 5 
minutes. Then the cubes were removed from the coating solutions and dipped into 1% CaCl2 (for 
SA-coated cubes) or 2% CaCl2 (for LMP-coated cubes) for 30 minutes to have a good cross-
linking between calcium and the coating material. Calcium chloride is commonly used to obtain 
a good adherence for a coating layer. In this work, it was used as a reactive agent for a good 
adhesion between the coating polymer layer and the potato and apple samples. 
 
7.2.3 OD and convective hot-air drying 
 
The non-coated and coated potato cubes were dehydrated in 18% (w/w) salt solutions at 55 °C. 
These solutions were prepared with distilled water and food grade NaCl. The cubes were placed 
in a steel screen mesh, which were introduced into a stirred beaker containing the osmotic 
solution. Agitation was conducted using a magnetic stirrer at the speed of 300 rpm. The volume 
ratio of osmotic solution to potato cubes was at 20:1, allowing the solution to maintain a constant 
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concentration during the OD. Similarly, the non-coated and coated apple cubes were dehydrated 
in 65% sucrose solutions at 55 °C for 4 hours. In addition, OD treatments were carried out for 
the non-coated and coated apples at 55 °C for 4 hours by using 65% dextrose solutions. Then, the 
coated and non-coated apple cubes after the OD with the 65% sucrose solutions at 55°C were 
further dried in a heat pump dryer at 45°C and RH of 10% for 5 hours, with an air velocity of 1 
m/s. Temperature was monitored with a digital thermometer (Delta Ohm HD8802, Padova, Italy) 
and a thermocouple (type T). Air relative humidity and velocity were measured with a 
hygrometer and an air flow meter, respectively.  
 
7.2.4 Image analysis 
 
The dehydrated non-coated and coated apples and potatoes were cryofractured by immersion in 
liquid nitrogen (-195°C) for 3 min, and dried in a freeze dryer. Scanning electron microscopy 
(SEM) analysis was performed to investigate microstructure of the coated and non-coated 
samples after the OD and convective hot air drying. SEM (Model: Jeol JSM 5600LV, Tokyo, 
Japan) required an ion coating with platinum by a sputter coater (JFC-1300, Jeol, Tokyo, Japan) 
for 40 seconds in a vacuum at a current intensity of 40 mA, after preparing the sample on 
metallic studs with double-sided conductive tape. The accelerating voltage ranged from 5-15 kV 
during scanning. Digital microscopic images of the microstructure were obtained by a Keyence 






7.3. RESULTS AND DISCUSSION  
7.3.1 Microstructure of apple tissues after OD 
 
Fig. 7.2 shows the microstructure of the raw apple tissue by SEM. Apple parenchyma tissue was 
found to be a well-arranged, orderly structure consisting of cells and intercellular spaces. In the 
fresh samples, cells were swollen and closely bonded to each other. Figs. 7.3–7.8 show the SEM 
results of the non-coated, SA-coated and LMP-coated apples by using 65% dextrose and 65% 
sucrose as the osmotic agent, respectively, at a process temperature of 55 °C. It is clear from 
these results that the amount of solute uptake in the SA-coated and LMP-coated samples was 
different compared with that in the non-coated samples. Typically, the SEM images of the non-
coated apples showed higher amount of solute uptake within the cell wall. The coatings were 
responsible for the difference in the amounts of solute uptake in the samples. With this in mind, 
the smaller diffusion coefficient of solute and better dehydration efficiency index and 
performance ratio for the coated samples than those for the non-coated samples, as described 
earlier in Chapter 4, were found in a good agreement with the SEM analysis results. 
 
Figs. 7.3–7.5 show the cryo-SEM micrographs of apple tissue in the non-coated, SA-coated and 
LMP-coated samples osmotically dehydrated by the dextrose solution (65% w/v) at 55 °C. Less 
dextrose particles were localized in apple cells due to the protection by the SA and LMP coatings 
in comparison with the non-coated samples. In the non-coated samples, more solute uptake was 
promoted by the pressure gradients induced by the high process temperature and dextrose 
concentration. Therefore, substitution of water by dextrose particles contributed to the collapse 
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of the cells. However, it seemed that there was a large degree of cell collapse in all non-coated 
and coated samples when dextrose was the osmotic agent. 
 
Figs. 7.6–7.8 show the micrographs of the non-coated, SA-coated and LMP-coated apples 
osmotically dehydrated by the sucrose solution (65% w/v) at 55 °C. In the non-coated apples, 
collapse of external cells due to a large solute uptake was again observed. This finding also 
agrees with the lowest diffusivity of water obtained in the non-coated apples at the process 
temperature of 55 °C. Microstructure difference between the coated and non-coated samples was 
observed. Coating did not result in a negative effect on the cell collapse. So cells inside the 
coated samples were more pronounced under the high process temperature (55oC) in comparison 
with the non-coated samples. Cell collapse in the coated samples treated by the sucrose solution 
was observed to be much less than that in the coated samples treated by the dextrose solution. 
Furthermore, images of the tissue microstructure of both the SA-coated and LMP-coated apples 
were found to be similar to that of the raw apple. This could be due to the less chance for a larger 
molecular size osmotic agent to enter through the coatings, leading to a better maintenance of the 
cell wall. 
 
7.3.2 Microstructure of potato tissues after OD 
 
An image of transversal section cuts of fresh raw potatoes obtained by SEM is presented in Fig. 
7.9. Tissues of fresh potatoes showed isodiametric parenchyma cells with a regular shape. The 
cells were perfectly turgid with intercellular spaces and an apparently consistent cell wall 











Fig. 7.3 SEM image of non-coated apple osmotically dehydrated by using dextrose as the 










Fig. 7.4 SEM image of SA-coated apple osmotically dehydrated by using dextrose as the osmotic 






Fig. 7.5 SEM image of LMP-coated apple osmotically dehydrated by using dextrose as the 









Fig. 7.6 SEM image of non-coated apple osmotically dehydrated by using sucrose as the osmotic 





Fig. 7.7 SEM image of SA-coated apple osmotically dehydrated by using sucrose as the osmotic 






Fig. 7.8 SEM image of LMP-coated apple osmotically dehydrated by using sucrose as the 
osmotic agent (65% sucrose solution, 55°C) 
 
 
Distribution of starch granules were also observed in the parenchyma tissue. Figs. 7.10-7.12 
show the cryo-SEM micrographs of the non-coated, SA-coated, and LMP-coated potatoes 
dehydrated at 55°C with an osmotic solution of 18% salt for 3 hours. In the non-coated samples, 
intercellular spaces were found to be much more impregnated by the salt and cell damage could 
be observed. Furthermore, the SEM images revealed that cells protected by the coatings 
exhibited less filling of salt to the middle lamella and less shrinkage of cell contents. Cells in the 
coated samples were more regular than those in the non-coated samples while the cells were 
filled with starch granules. Parenchyma cells of the non-coated potato tissues exhibited a clear 
turgor loss, with a degradation and shrinkage of the cell walls. Turgor loss of parenchyma cells 
and loss of cell wall strength and adhesion were previously reported for osmotically dehydrated 




Fig. 7.9 SEM image of raw potato 
 
consequence, the parenchyma cells of the non-coated potatoes showed a more irregular shape 
than those observed in the SA-coated and LMP-coated potato tissues. Loss of cell wall adhesion 
could be explained by variations in pectic polysaccharides of middle lamella, namely by their 
solubilisation and degradation during the OD at high process temperature.  
 
Figs. 7.13-7.15 show SEM images of cross-sections of the non-coated, SA-coated and LMP-
coated potato cubes dehydrated with a 65% sucrose solution at 55°C for 4 hours. Well-preserved 
structures of cell walls as well as whole cells filled with starch granules were present in the inner 
regions of the osmotically dehydrated SA and LMP-coated samples (Figs. 7.14 and 7.15). Many 
of the starch granules were intact and therefore non-gelatinization was observed in the coated 




Fig. 7.10 SEM image of non-coated potato osmotically dehydrated by using salt as the osmotic 
agent (18% salt solution, 55°C) 
 
well as tight packing and strong connections between the cells, coated and osmotically 
dehydrated potato cubes were characterized by higher resistance to process temperature and 
concentration gradient than the non-coated samples. More changes in parenchyma microstructure 
were observed in the non-coated potato cubes that were osmotically dehydrated under the same 
condition. As shown in Fig. 7.13, the OD of the samples without a coating caused more serious 
changes in the microstructure of dehydrated potato cubes in comparison with the coated samples.  
 
The destruction of cell structure in the non-coated and osmotically dehydrated potato tissue can 
be explained by the fact that during the OD, the process temperature could cause faster removal 
of water and higher solute uptake rate as well as partially melting of starch granules, which could 
weaken the starch–protein matrix. During the faster removal of water in cells, higher water 
vapour pressure could cause cell destruction as observed in the microstructure of the non-coated 




Fig. 7.11 SEM image of SA-coated potato osmotically dehydrated by using salt as the osmotic 





Fig. 7.12 SEM image of LMP-coated potato osmotically dehydrated by using salt as the osmotic 





Fig. 7.13 SEM image of non-coated potato osmotically dehydrated by using sucrose as the 
osmotic agent (65% sucrose solution, 55°C) 
 
 
Fig. 7.14 SEM image of SA-coated potato osmotically dehydrated by using sucrose as the 







Fig. 7.15 SEM image of LMP-coated potato osmotically dehydrated by using sucrose as the 
osmotic agent (65% sucrose solution, 55°C) 
 
OD were due to the hydrophilic coatings prior to the OD.  The observations suggest that the SA-  
coated and LMP-coated samples might have good reconstitution ability during a rehydration 
process, which is due to their more intact cellular structure, compared with those non-coated 
samples. This supports that application of coatings prior to OD could ensure the best overall 
quality of osmotically dehydrated potato cubes, i.e. slighter microstructure changes of the 
product which can lead to higher ability to absorb water, as well as a good texture. Moreover, it 
was observed that changes of the microstructure in the vegetable tissues were more dependent on 
changes in the solute uptake. When a solution with lower molecular weight osmotic agent was 
applied in the OD, a faster solute diffusion in the intercellular spaces was taking place, leading to 
a great degree of cell decompartmentation. Another reason for more damages in the 
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microstructure of the coated and non-coated potatoes during the OD with salt was due to the 
expanding starch granules that caused an increase in pressure inside the cells. 
 
7.3.3 Microstructure of apple tissues after combined OD and convective hot 
air drying 
 
Cellular shrinkage during the OD of apples could be reduced by applying coatings prior to the 
OD as discussed in Section 7.3.1. Figs. 7.16-7.18 show microstructures of the non-coated, SA-
coated and LMP-coated apples after the OD with a 65% sucrose solution at 55°C for 4 hours and 
further drying with hot air at 45°C for 5 hours. Cell detachment was more obvious in the non-
coated sample due to the degradation of components of the middle lamella, as well as to the 
stresses induced in the cellular tissue by water removal and large solute uptake because of the 
OD pre-treatment. This phenomenon had an influence on the mechanical properties of the dried 
product, as well as the porosity of the material because less intercellular spaces were formed. 
Cell debonding has been observed by previous researchers during OD and convective hot air 
drying of apples and grapes (Lewicki & Porzecka- Pawlak, 2003; Ramos et al., 2004; ; Lewicki 
& Porzecka- Pawlak, 2005). Our results are consistent with those reported. 
 
Cell rupture and shrinkage of cells were observed after the OD and convective hot air drying of 
the non-coated apples. Cell rupture (Fig. 7.16) was due to degradation of cell wall. The 
microstructure of fresh apple tissues have well-organized, orderly structure consisting of a high 
degree of cell compartmentation and intercellular spaces (Fig. 7.2). The intercellular volumes in 




Fig. 7.16 SEM image of non-coated apple osmotically dehydrated by using sucrose as the 
osmotic agent and dried with hot air 
 
 
Fig. 7.17 SEM image of SA-coated apple osmotically dehydrated by using sucrose as the osmotic 





Fig. 7.18 SEM image of LMP-coated apple osmotically dehydrated by using sucrose as the 
osmotic agent and dried with hot air 
 
 
air volumes in apple endow a softer or mealier texture property and a greater internal bulk flow 
and mass diffusion. SEM images already showed the breakdown of cell walls, a decreased intact 
cell arrangements and collapse of cell structure of the non-coated samples after the OD (Fig. 
7.3). When the non-coated apples were compared with the coated apples after the further 
convective hot air drying, the SEM images of the non-coated samples again showed significant 
cellular deformation, small and irregular intercellular spaces, and collapse of tissues (Fig. 7.16) 
due to a higher amount of solute uptake within cell walls and intercellular spaces during the OD.  
Those cell cavities filled up with the osmotic solution reduced the integrity of cell wall 
components leading to losses of remaining hydrostatic pressure (turgor) within fruit cells during 
the further convective hot air drying. Loss of water with consequent damage and disruption of 
cellular walls and even a collapse of the cells would initiate shrinkage. According to Mattea et al. 
(1989), Ramos et. al. (2003) and Troncoso & Pedreschi (2007), loss of turgor pressure gave a 
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negative effect on rheological properties and texture of plant tissues. Loss of water during a hot 
air drying was mainly from the vacuole compartments and less from the cytoplasm and cellular 
walls (Hills & Remigereau, 1997).  
 
The application of SA and LMP coatings induced a more stable cellular structure by formation of 
polymeric coatings on the apple cubes, resulting in more prevention of interactions between the 
components of middle lamella and the uptaken sugar within the cells which can lead to a 
degradation of cell walls. For the LMP-coated apples, the cells suffered a certain degree of 
collapse (Fig. 7.18) while the SA-coated samples showed no severe cell collapse after the OD 
and convective hot air drying.  
 
A reduction in intercellular spaces was also observed in the LMP-coated samples with an 
increased cell-to-cell contact that led to a decreased porosity. For the SA-coated samples, the 
cells seemed to be able to preserve their shape partially (Fig. 7.17); tissue arrangement was 
observed to be more similar to the tissue structure of the raw apple. Cells looked turgid, more 
rounded than in the non-coated and LMP-coated samples, and less reduction in the size of 




The SEM images of the non-coated, SA-coated and LMP-coated apples revealed a larger amount 
of solute uptake in the cells of the non-coated samples than that in the coated samples after the 
OD with a 65% dextrose solution and a 65% sucrose solution, respectively, at 55°C. Due to those 
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cells collapsing with shrinkage, the non-coated apples allowed the entering of more solutes 
during the OD. Molecular size of the osmotic agents is one of the important influencing factors 
for preventing cell collapse. The coated apples treated with the sucrose solution (65% w/v) 
showed a better cell structure without cell collapse in comparison with those treated with the 
dextrose solution.  
 
The largest amount of solute uptake and the biggest loss of cellular structure were observed in 
the non-coated potatoes after OD with the 65% sucrose solution at 55 °C. In addition, the 
differences in the microstructural features between the coated and non-coated potatoes after OD 
with the 18% salt solution at 55 °C were dependent on the amount of salt uptake. Larger amount 
of salt uptake with more contraction of cells was observed in non-coated potatoes. Low 
molecular weight osmotic agent (i.e. salt) had more impact on the structural loss of the coated 
and non-coated potatoes. Furthermore, the SEM images of the SA and LMP-coated potatoes 
showed better cell structures after the OD with the salt or sucrose solutions at 55°C. 
 
SEM images revealed microsturcture changes in the non-coated and SA and LMP-coated apples 
after the OD with the 65% sucrose solution at 55°C and further convective hot air drying at 
45°C. The SA coating could protect the apple tissue matrix leading to a better maintained 
microstructure. The SEM images demonstrated that for the non-coated apples the intact cell 
structure of the raw apple was transformed into a ruptured cellular structure with non-distinctive 
lamella after the OD and convective hot air drying. In addition, the SEM images of the LMP-
coated apples showed disconnected cells after the convective hot air drying. The microstructure 
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investigation results suggested that SA coating might be able to provide better rehydration 

























VISCOELASTIC PROPERTIES OF APPLES AFTER COATING, 
OSMOTIC DEHYDRATION AND HOT AIR DRYING 
 
The objective of the study in this chapter was to analyze the viscoelastic behavior of SA and 
LMP-coated and non-coated apples by sinusoidal and creep tests after OD and hot air drying. 
The effect of the application of coatings prior to the OD and hot air drying on rheological 
properties of the final products was studied. All the coated and non-coated samples showed a 
viscoelastic solid behavior with the predominance of an elastic component due to large values of 
storage modulus (G′). The coated apple samples showed higher G′ values as compared with the 
non-coated apple samples. The loss tangent (tan δ) changed insignificantly with the coatings at 
10 Hz. Creep analysis results showed that instantaneous compliance (1/J0) and decay compliance 
(1/J1) were significantly lower than those of the non-coated apples, while retardation times were 
higher in the coated apple tissues. Large sucrose uptake during the OD led to severe inner 
disruption of cells with plasmolysis and loss of cell membrane’s integrity, which affected the 
viscoelastic behavior of the apple tissues after the OD and hot air drying. Overall, the 
deformation and storage modulus values were significantly improved by applying coatings prior 
to the OD and hot air drying, suggesting that application of hydrophilic coatings is an effective 
methodology to prevent apple tissues from serious damages in terms of viscoelastic properties. 
The prevention effect was related to the changes of cells and intercellular spaces due to the 







Texture is one of the most important quality attributes of fruits and vegetables. Moreover, texture 
of biological materials is strongly influenced by their underlying tissue and cellular structure 
(Aguilera and Stanley, 1998; Barat et.al., 1998; Muntada et. al., 1998). Textural quality of plant 
materials is generally negatively affected by processing operations such as blanching, drying, 
irradiation, etc. For example, blanching is usually done in order to inactivate enzymes and extend 
shelf-life of fruits and vegetables, while drying is used to increase the availability of seasonal 
fruits. However, tissue firmness is strongly affected by preservation techniques due to extensive 
tissue disruption, in other words, losses in the structural integrity of cell walls, middle lamellae 
and cellular membranes of fruits and vegetables (Stanley et. al., 1995). Osmotic dehydration 
(OD) is a commonly used technique for the dehydration of solid foods, and has been extensively 
applied to partial dehydration of fruits and vegetables (Raoult et. al., 1989). OD can be carried 
out by using different types and concentrations of solutes and different process temperatures. 
Various processing conditions of OD may influence textural quality of the final products 
differently. After OD, further drying is necessary to reduce more moisture in fruits and 
vegetables for extension of their shelf-life. Drying processes such as hot air drying, vacuum 
drying, etc. are applied to preservation of fruits and vegetables, not only to stabilize the product 
by reducing its moisture content or water activity, but also to create new ranges of products with 
different structural and textural properties as water plays a key role in determining a perceived 
texture. Texture changes of dried food products are often evaluated through mechanical tests 
under deformation conditions (Khan et al., 1997, Lewicki & Wolf, 1995; Krokida et. al., 1999; 
Lewicki &  Lukaszuk, 2000; Lewicki & Jakubczyk, 2004). 
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OD influenced the texture of apples by weakening the texture of apple tissues and decreased the 
shearing force by half when the samples were compressed under a constant strain rate (Lewicki 
and Lukaszuk, 2000). Monsalve-Gonzalez et al. (1993) showed that OD did not affect the texture 
of the surface of apple as a layer of 1 mm thick removed from the surface of the apple that was 
osmotically dehydrated with sucrose showed similar texture to the raw apple tissue. This 
conclusion is strange, however, because in another study it was shown that sucrose could 
penetrate 2 – 3 mm into apple cubes while variations in its water content were observed up to the 
depth of 5 mm (Lenart and Lewicki, 1981). At a high sucrose concentration of more than 50°Bx, 
the hardness of the samples was increased. Sitkiewicz et al. (1996) studied mechanical properties 
of apple slices dehydrated by a combination of OD and hot air drying. Results showed that the 
apple tissue became softer and more plastic after the OD than that of the raw apple. Moreover, 
the apple samples became less resistant to compression after removing more water by the OD 
when compared to the apple samples dried by the combination of OD and convection hot air 
drying. Jakubczyk et al. (1997) also studied mechanical properties of apple cubes (10 mm × 10 
mm × 10 mm) subjected to OD and hot air drying. It was reported that the OD decreased 
hardness of the apple as well as the rate of stress relaxation. Apples dried by a combination of 
OD and convective hot air drying were more resistant to deformation than apples dried by single 
convective hot air drying. The drying by the combination of OD and convective hot air drying 
did not change the elasticity and the rate of stress relaxation of dried apples to a greater extent in 
comparison with those of dried apple cubes that were dried by single convective hot air drying. 
Lewicki and Sitkiewicz (1999) showed that a combination of OD and convective hot air drying 
reduced the work of compression nearly by half and did not affect the time to achieve 50% of 
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relaxation force for onion slices of 3 mm thick. Moreover, it was shown that the work of 
compression increased during storage of dried onions due to crystallisation of sugars. 
 
Mechanical properties are commonly related to texture of fruits and vegetables. Harker et al. 
(1997) reviewed the cellular basis of fruit texture and the human physiology involved in its 
perception. Mechanical tests of texture include the familiar puncture, compression and shear 
tests, as well as creep, impact, sonic and ultrasonic methods, which were reviewed by Brown and 
Sarig (1994), Chen (1996) and Abbott et al. (1997). Under mechanical loading, fruits and 
vegetables exhibit viscoelastic behavior which depends on both the amount of force applied and 
the rate of loading. However, for practical purposes, they are often assumed to be elastic and 
loading rate is largely ignored. Measurement of elastic properties requires a consideration of only 
force and deformation, whereas viscoelastic measurement involves functions of force, 
deformation and time. The viscous component of texture is important in determining bruise 
resistance, even in firm products like potato (Bajema et al., 1998).  Dynamic mechanical 
analyses (small-amplitude oscillatory tests) can be used to study the rheological properties of 
materials at different frequencies. 
 
Most non-destructive mechanical methods measure elastic properties (e.g. modulus of elasticity - 
Young’s modulus) at very small deformations. Modulus of elasticity measures the capacity of the 
material to take elastic deformation and the corresponding stress–strain ratio. Food scientists are 
interested in the breakdown of the food in the mouth until it is swallowed. Producing high 
quality fruit and vegetable products requires a good understanding the processing factors that 
influence texture of the final product. One component of sensory texture is rheological properties 
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which provide an overall indication of structure (micro-, ultra-, nano) attributes and the 
interatomic and intermolecular interactions (Peleg and Normand, 1983). A quite number of 
studies have been carried out to study how the various drying processes affect the quality of 
dried fruits and vegetables (Waliszewski et. al., 1999; Mc- Donald & Schaschke, 2000; 
Boudhrioua et. al., 2002). However, no reports have been found in the literature on studying how 
quality attributes of fruits and vegetables change after a combination of coating, OD and 
convective hot air drying process. The aim of the study in this chapter was to find out how the 
rheological properties of apple cylinders changed after combined coating, OD and hot air drying.  
 
8.2 MATERIALS AND METHODS 
8.2.1 Measurement of viscoelastic properties by oscillatory test 
 
Apple cylinders (1 cm thick, 1 cm in diameter) were made and coated with SA and LMP 
following the procedure described in Section 3.2.2. After that, the samples were soaked in a 
CaCl2 solution for cross-linking, and the coated apples and non-coated apples were osmotically 
dehydrated by using a 55% sucrose solution at 55°C for 4 hours. After the OD, hot air drying 
was conducted at 45°C for 5 hrs in a heat pump dryer. After the hot air drying, the dried samples 
were loaded between the parallel plates (30 mm in diameter) of a Paar Physica CR300 rheometer 
(Anton Paar GmbH, Graz, Austria), using only as much compression as necessary to provide the 
maximum contact area and minimum slip. 
 
Dynamic oscillatory tests were performed at 23°C in the controlled strain mode. Temperature 
was controlled by an external liquid bath thermostat (model Viscotherm VT2, Anton Paar 
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GmbH). The viscoelastic properties of the coated and non-coated apples were determined 
between 1 - 24 Hz by using a strain amplitude of 0.05%. For the oscillatory tests, measurement 
data were obtained by using 9 replicates for each sample assayed. Storage modulus (G’) and loss 
modulus (G’’) were derived from the measurements. 
 
8.2.2  Measurement of viscoelastic properties by creep test 
 
Creep-recovery tests were conducted by firstly applying a constant shear (0.005 MPa) for 511 s. 
After removal of the stress, sample recovery was registered for an additional period of 47523 s. 
Earlier a stress sweep by varying the applied stress from 0.001 to 0.007 MPa showed that under 
the selected condition, the deformation was proportional to the applied stress. Before the creep 
assay, the sample was subjected to repeated loading and unloading cycles in order for the 
material to loss its long time memory and to remove any surface irregularity in the specimen 
(Mohsenin and Mittal, 1977; Mohsenin, 1986). Temperature was controlled by an external liquid 
bath thermostat as described above. For the creep tests, measurement data were also obtained by 
using 9 replicates for each sample assayed. 
 
Compliance data from the creep experiments were fitted by a mechanical model consisting of a 
spring connected in series with two Kelvin–Voigt elements (each Kelvin–Voigt element has a 
spring and a dashpot in parallel) and a dashpot element, described by the following equation 

















where J(t, σ) is the creep compliance (=γ(t)/ σ, with γ(t) being the strain at the time t and σ the 
constant stress applied); J0 is the instantaneous compliance at t = 0; Ji are the retarded 
compliances; λi (=µi  ×  Ji) are the retardation times and µi are the coefficients of viscosity 
associated with the Kelvin–Voigt elements; and µ is the coefficient of viscosity associated with 
Newtonian flow and its inverse is the steady-state fluidity of the material.  
 
8.3 RESULTS AND DISCUSSION 
8.3.1 Dynamic modulus after OD and hot air drying 
 
Fig. 8.1 shows the results of a dynamic stress sweep test on the coated and non-coated apple 
cylinders after the OD and hot air drying. It was observed that the linear viscoelastic range (LVR) 
of the material could be established between the frequency range of 7 – 20 Hz. For all 
determinations, a strain of 0.05% was used. Table 8.1 shows a comparison of the storage moduli 
(G’), loss moduli (G’’) and loss tangent values (tan δ = G″/G′) for the non-coated, SA-coated and 
LMP-coated apple cylinders at 10 Hz. At any given frequency, between the frequency range of 1 
– 24 Hz, G’>>G”, which showed a dominant contribution of the elastic component to the 
viscoelastic response of the dried coated and non-coated apple cylinders. Values of “tan δ” (i.e. 
G’’/G’) for the LMP-coated samples were between 0.168 and 0.181. Values of “tan δ” of the SA-
coated samples were between 0.162 and 0.174 while those of the non-coated apples were 
between 0.131 and 0.141. These values are typical of viscoelastic solids whose tan δ is normally 
between 0.12 and 0.2 (Shoemaker, 1992; Steffe, 1992). The coating prior to the OD and hot air 
drying caused a nearly 3-fold increase in the G’ values of the LMP-coated apple samples 
compared to the non-coated samples (P<0.05) while the G’ values of the SA-coated apple 
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samples were nearly 2.5 times those of the non-coated ones. This was an indication of drastic 
losses in the structural integrity of the non-coated apples. As G’ is related to rigidity, this 
indicated that the combination of OD and hot air drying could cause a loss of rigidity in the non-
coated apple tissue and had a great negative effect on cell elasticity. Our results suggested that 
coatings prior to OD and hot air drying yielded less damages to the textural quality of fruit tissue 
compared to samples without coatings. In addition, the G’ values of the LMP-coated apple 
cylinders were significantly higher than those of the SA-coated apple cylinders. The greater G’ 
values of the SA-coated and LMP-coated samples than G’ of the non-coated samples were also 
due to having greater intermolecular interactions in the SA and LMP gels that were cross linked 
with CaCl2. The LMP-coated samples had a greater value of G’ at 10 Hz than the SA-coated 
samples as observed in our study. It is possible that more intermolecular interactions were 
present in the formation of the LMP gel that was cross linked with CaCl2. In addition, it is known 
that textural properties of fruits are closely linked to cellular structure and pectic composition 
(Ilker and Szczesniak, 1990). OD could cause a variation in the texture of apple tissues, 
correlated with fractions of water soluble and residual pectin (protopectin) determining the fruit 
firmness. The firm properties of the LMP-coated samples seemed to link to both the cross linked 
LMP gel with CaCl2 and the pectin in the cell wall of the LMP-coated apples. Results also 




Fig. 8.1 Dynamic rheological behaviour of coated and non-coated apple cylinders after osmotic 
dehydration and hot air drying. (G’- storage modulus, G’’- loss modulus, p-c - LMP-coated apple 
cylinders, a-c - SA-coated apple cylinder, n-c-non-coated apple cylinders) 
 
severe damage of cellular tissues resulted from strong CaCl2-linked SA and LMP gels on the 
surface of the samples and those gels themselves all contributed to the stabilization of the cell 
membrane systems of the apple tissues. In addition, the formation of Ca-pectates by cross-
linking free carboxyl groups on adjacent polygalacturonate chains present in the middle lamella 
with excess Ca2+, could contribute to more cell–cell adhesion and more cohesion of the cells in 
the tissue (Jackman and Stanley 1995). The storage modulus G’ of the coated and non-coated 



















Table 8.1 Dynamic rheological behaviour of SA and LMP-coated and non-coated apple cylinders 
at 10 Hz after OD and hot air drying (n=9) 
Samples G’ (MPa) G’’(MPa) tan δ 
SA-coated apples 0.674±0.172 0.108±0.026 0.165±0.003 
LMP-coated apples 0.769±0.155 0.131±0.018 0.172±0.010 
non-coated apples 0.273±0.051 0.039±0.010 0.133±0.029 
 
The non-coated apple cylinders exhibited lower G’’ value whereas higher G’’ values were 
observed in the SA- and LMP-coated apple cylinders. The non-coated apple samples seemed to 
be more softened and became less viscous and less elastic than the coated samples after the OD 
and hot air drying. The G″ values of the SA- and LMP-coated and non-coated apples also varied 
with the frequency of oscillation. In contrast to the results obtained for the coated samples, the 
G’ and G’’ values significantly decreased for the samples without coating (P<0.05). Lower 
values of G’ and G’’ in the non-coated samples might be likely due to significant changes in 
textural properties after the OD at high process temperature and the hot air drying. For the coated 
apple tissues, our results suggest that coating prior to OD and hot air drying increases the 
firmness, and possibly the textural quality, of apple fruit tissue. It may be hypothesized that this 
is related to the forces of interaction between SA or LMP and CaCl2 and polysaccharide chains of 
pectin in the cell wall of the coated apples. The small differences observed in the tan δ values for 
the coated and non-coated apples did not show any clear trend. The parameter (tan δ) was not 
sensitive enough to be used for distinguishing physical differences between the coated and non-
coated apple tissues after the OD and hot air drying. 
 
8.3.2 Creep analysis after OD and hot air drying 
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Viscoelastic properties of foods can be determined by several techniques such as normal stresses, 
transient viscoelastic flow, oscillatory shear flow and creep compliance (Rao et. al., 1987). In 
creep-recovery tests, the SA and LMP-coated apples and non-coated apples after the OD and hot 
air drying were deformed under a constant shear stress.  Removal of the stress could cause the 
coated and non-coated samples to recoil as it returned to its rest position without deforming. 
Creep response curves after subjecting the coated and non-coated apple samples after the OD and 
hot air drying to a constant stress of 0.005 MPa are presented in Fig. 8.2. Recovery response 
curves for the same coated and non-coated apple samples after the removal of the constant stress 
are presented in Fig. 8.3. Coating caused significant changes (p < 0.05) in both the creep strain 
during the test period of 511 seconds and the residual strain after an additional 47523 seconds of 
recovery. The LMP-coated samples showed a significantly less strain 100 seconds after the 
sample was subjected to the constant stress of 0.005 MPa when compared to the SA-coated 
apples. The strain measurement results of the coated and non-coated apple tissues exposed to the 
OD and hot air drying after subjecting samples to the constant stress 0 were fitted by the 






















Fig. 8.2. Average experimental creep response curves of coated and non-coated apple tissues 
after OD and hot air drying [p-c: LMP-coated apple, a-c: SA-coated apple, n-c: non-coated apple] 
 
Fig. 8.3. Average experimental recovery response curves of coated and non-coated apple tissues 































The rheological behavior of the apple tissue was defined in terms of separate compliances. 1/J0 is 
related to those bonds of structural units that are stretched elastically when the stress is applied. 
1/J1 is retarded elastic recovery modulus. Both 1/Jo and 1/J1 are the elastic modulus for 
Maxwell’s component in the model.  λ is the retardation time of the Kelvin component and it is a 
measure of the time required for the spring of the Kelvin component to recover to the 63.2% 
level of the initial strain when retarded by the dashpot. 1/µ is the Newtonian compliance, which 
is characterised by a Newtonian viscosity µ of the dashpot component.  
 
Table 8.2 shows the rheological parameters of the SA-coated apples, LMP-coated apples and 
non-coated apples after the OD and hot air drying. Changes in 1/J0, 1/J1, λ and µ were detected 
between the coated and non-coated apples. Deformation and reformation can be partial or 
complete. The deformation results from the creep compliance tests were converted to the 
corresponding rheological parameters: compliances, retardation time and viscosity, which were 
calculated from the data using Burgers model (i.e. Eq. (8.2)) (Metzger, 2006) and Matlab 
R2009a. Viscoelastic materials with structural or chemical networks by their components (e.g. 
sucrose, fibres, vitamins, etc. in the coated and non-coated dried apples) experience partial 
reformation, and the degree of reformation depends on the elastic portion of the test material. All 
the samples showed the characteristic viscoelastic behaviour of increasing strain with time by 
applying a constant stress (0.005 MPa) in the creep phase and partial reformation with 
decreasing strain with time upon the removal of the stress in the recovery phase.  
 
The instantaneous and fully recoverable elastic compliance, 1/J0, and the discrete retarded elastic 
or viscoelastic compliance, 1/J1, of the non-coated apples showed a significant increase relative 
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to those of the coated apple cylinders after the OD and hot air drying. During the initial phase of 
creep (i.e. instantaneous compliance), bonds stretch elastically when stress is applied and recover 
instantaneously when the stress is removed, whereas in the viscoelastic compliance phase, bonds 
break and reform at different rates (Rao et al., 1987). Therefore, higher instantaneous compliance 
leads to a greater degree of deformation and a lower ability of recovery. The non-coated samples 
were found to have the greatest degree of deformation and the lowest ability of recovery among 
the three samples. Furthermore, a high viscoelastic compliance would indicate that the 
predominating nature of the network in the food material is viscous rather than elastic. All the 
coated and non-coated apples had higher values of viscoelatic compliance than the values of 
instantaneous compliances. This showed that the samples exhibited viscoelastic behavior. The 
SA- and LMP-coated apples with low viscoelastic compliances had greater resistances to 
deformation than the non-coated apples with high viscoelastic compliances. The minimum 
resistance to deformation (i.e. strain at the beginning of the creep phase) was found to be in the 
non-coated apples. Applying coatings prior to the OD and hot air drying could lead to an 
increased resistance of the apple cylinders to deformation. An increase in deformation during the 
creep test indicates that the apple structures were collapsed and the elastic bonds might be 
irreversibly broken during the OD and hot air drying. The higher the resistance to deformation 
during the creep analysis, the higher the elastic strength the food samples had. The greater extent 
of resistance to deformation of the SA and LMP-coated samples than that of non-coated apples 






Table 8.2 Creep compliance parameters of apple samples after OD and hot air drying, derived by 
using average measurement results (n=9) 
 




13.106 15.361 87.820 4.030 
SA-coated apples 10.917 23.981 82.694 3.996 
non-coated apples 15.625 30.303 41.049 3.518 
 
elastic strength. The coating materials SA and LMP may be suitable for the production of dried 
fruits because their coating gels produced a stiff elastic mass with greater cohesion than the non-
coated apples.  
 
The values of 1/µ changed slightly in the SA and LMP- coated apples and no significant 
difference (p < 0.05) was observed in the parameters between them. The viscosity term (i.e. 1/µ) 
is a parameter that characterizes the viscous behaviour of food samples whereas the other 
parameters characterize the elastic behavior and retarded elastic recovery. Thus the higher the 
viscosity term (1/µ), the lower was the viscosity associated with Newtonian flow. Water 
molecules could still be associated with biopolymers so that the elasticity and viscosity could be 
influenced by the coating material associated with apple tissues, as indicated by the higher 
viscosity value of the coated apples than that of the non-coated samples. The hot air drying 
removed water from the apple tissues as well as from the SA and LPM gels; distances between 
the polymer chains could be decreased, and some crystals may be formed so that the coated 
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apples had more stiffness and resistance to deformation. Higher viscosity term (1/µ) was 
observed in the non-coated samples, which indicated that the cellular membranes and pectin 
bonds in the non-coated apples were broken apart during the creep analysis process and the 
released units could flow and part of the material structure was not recoverable.  
 
The highest value of λ was found in the LMP-coated samples whereas the lowest value of λ was 
found in the non-coated samples. The highest overall compliance during the creep phase was in 
the non-coated apples. The mechanical model applied provided an excellent approximation to the 
measured creep data within the time period of the experiments for the SA and LMP-coated 
samples and non-coated samples, as shown in Figs. 8.4 - 8.6. The validation results of creep tests 
showed that the creep behavior of the dried coated and non-coated apples can be described well 




The dried apples by OD and hot air drying exhibited viscoelastic behavior. Apple tissues were 
significantly affected by the OD and hot air drying. Both viscoelastic moduli, G’ and G’’ in the 
non-coated apples were lower than the SA and LMP-coated apples. This behavior was related 
with shrinkage and structure damage of the cells during the OD and hot air drying, as seen in the 




Fig. 8.4. Validation of creep response curves of LMP-coated tissues after OD and hot air drying 
 
Fig. 8.5. Validation of creep response curves of SA-coated tissues after OD and hot air drying 









































Fig. 8.6 Validation of creep response curves of non-coated apple tissues after OD and hot air 
drying 
 
provided clear experimental evidence on the significance of tissue structure differences among 
the coated and non-coated apple cylinders after the OD and hot air drying.  
 
The creep properties of the apple tissues were influenced by the applied coatings prior to the OD 
and hot air drying. The overall compliance during the creep phase in general showed more 
deformations in the non-coated apple tissues as their compliance values were higher in  
comparison with the SA and LMP-coated apple tissues. The creep curves of the coated and non- 
coated apple samples were all well described by a creep mathematical model, in which the creep 
compliances (1/J0, 1/J1, 1/µ and retardation time (λ)) were model parameters. Results suggested  
that the viscoelastic properties of the apple tissue were significantly influenced by the coatings.  






















All the creep compliances decreased with the coatings. The overall compliance during the creep 
analysis showed a significant decrease with the application of coatings prior to the OD and hot 
air drying. Results of this study provide clear evidence on the significance of the coatings in 
improving the texture and mechanical properties of the apple tissues. Some cell wall materials 
may be lost upon osmotic dehydration and hot air drying, which would result in lower firmness 
than could be expected in non-coated apple tissue. This result suggests that SA and LMP coatings 
play an important role to obtain frim texture of dried fruits. Hence, coating-osmotic dehydration-
hot air interrelationship can be used to design mechanical properties of dried apple tissue. 
Mechanical property is important to the acceptability of foodstuffs, and it is important to develop  
the same properties as raw fresh samples that can be correlated with desirable product sensory 




















This thesis has focused on the effect of hydrophilic coatings including SA and LMP on the mass 
transfer during OD and hot air dying of apple cubes, apple cylinders and potato cubes. The mass 
transfer characteristics of the OD process for the coated and non-coated potato cubes have been 
studied by using different OD process temperatures and concentrations of osmotic solutions. 
Different types of osmotic agents were also employed in this study. The process parameters 
influenced the performance of the OD process for both the coated and non-coated potato cubes. 
The effect of coatings on the mass diffusivity of water during the OD has been investigated. 
Higher dehydration efficiency and Pr were obtained in the OD of the SA-coated and LMP-coated 
potato cubes at higher OD process temperature for three different concentrations of osmotic 
solutions. The mass transfer behaviour could be predicted reasonably accurately by Peleg’s 
model and by the analytical solution of Fick’s Second Law. Under high OD process 
temperatures, the hydrophilic SA and LMP coatings played an important role in the mass transfer, 
because a rapid diffusion of water was observed in the coated samples during the OD with 
reduced solute uptake regardless of the type of osmotic agent. 
 
Controlling the solute uptake is a key issue for any OD process. Application of the coatings prior 
to the OD of apple cubes was found to be able to significantly reduce the solute uptake at a high 
OD process temperature (55°C) that could lead to effective dehydration. Although a few 
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researchers have reported that application of coatings prior to OD could be an effective way to 
reduce solute uptake without affecting water loss too much, however, there has been no study on 
the influence of OD operation parameters on the diffusivities of water and solute. Results of this 
study suggested that the concentration of osmotic solution and OD temperature must be carefully 
chosen because they dramatically influenced the diffusivities of water and solute during the OD 
of the SA-coated, LMP-coated and non-coated apple cubes. High OD temperature was found to 
be able to reduce solute uptake significantly in the coated samples with higher water loss than the 
non-coated samples by using sucrose as the osmotic agent.  
 
For maltodextrin-coated apple cubes, negative dry matter gains from OD were reported 
previously by other researchers and it was confirmed to be true in this study using sucrose as the 
osmotic agent.  Furthermore, our results revealed that maltodextrin gel was able to partially 
dissolve into the osmotic solution even after being oven-dried for as long as 40 min, resulting in 
both negative dry matter gain and negative sugar gain. The instability of the maltodextrin coating 
was further confirmed by a microscopic analysis. Higher concentration of coating solution 
produced a thicker coating layer which could lead to larger negative dry matter gain and negative 
sugar gain. Longer oven drying time for solidifying the coating layer might bring more damage 
to the apple tissues, which reduced the mass transfer rate of water during the subsequent OD 
process. Water loss of the maltodextrin-coated apple was significantly lower than that of the non-
coated apple cubes.  
 
Apple cubes and cylinders coated with hydrophilic SA and LMP layers could increase the rate of 
water diffusion during a hot air drying after the OD by using a 65% sucrose solution at 55°C. 
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When volume shrinkage was considered in the model to evaluate Dew, improved accuracy of the 
modeled results was achieved for all the coated and non-coated apple cylinders and cubes. It was 
also observed that the SA and LMP coatings played a significant role during the hot air drying 
process as the Dew values of the coated potato cubes were higher than those of the non-coated 
potato cubes for all the cases regardless if no shrinkage or thickness shrinkage was considered in 
the model. The model predicted results were found to be in good agreement with the 
experimental Mr values in terms of high correlation coefficient, high R2 and low RMSE.   
 
The microstructure of the SA-coated, LMP-coated and non-coated apples and potatoes were 
investigated after the OD using a 65% sucrose at 55°C and the hot air drying at 45°C, by 
Scanning Electron Microscopy (SEM). The SEM images indicated that in the non-coated 
samples the intact cell structure of the raw materials was transformed into a ruptured cellular 
structure with non-distinct lamella after the OD and convective hot air drying. In addition, the 
SEM results of the LMP-coated samples showed disconnection of cells after the convective hot 
air drying. Results of the microstructure investigation suggested that SA could provide better 
rehydration properties to the final products as the SA coating did not induce significant changes 
in the structure of the samples, compared with the non-coated samples and LMP-coated samples. 
Nevertheless, the application of both coatings prior to the OD and hot air drying significantly 
modified the cellular structure of apples and potatoes by reducing solute uptake in the cell 
cavities that otherwise could lead to disruption of cell walls. 
 
The viscoelastic properties of the SA-coated, LMP-coated and non-coated apples after the OD 
and hot air drying was evaluated. A dominant elastic component of the viscoelasticity was 
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observed in the coated and non-coated apples. Both viscoelastic moduli, G’ and G’’ of the non-
coated apples were lower than those of the SA-coated and LMP-coated apples. The lower G’ and 
G’’ values in the non-coated apples indicated loss of tissue integrity during the OD and hot air 
drying. In general, lower G’ and G’’ of the non-coated samples were in line with more tissue 
damage, lower rigidity and lower viscosity after the OD and hot air drying. The observed lower 
storage modulus (G’) in non-coated apples compared to SA and LMP-coated apples showed that 
contains tissue components of the non-coated apples responsible for the texture (e.g. middle 
lamella, cell wall, cell membrane) were affected by the OD and hot air drying. Furthermore, all 
the creep compliances decreased with the coatings. The overall compliance during the creep 
analysis showed a significant decrease with the application of coatings prior to the OD and hot 
air drying.  
 
Application of coating prior to osmotic dehydration and hot air drying provides broad 
applications in fruit and vegetable processing and many unique advantages. Quality 
improvement of dehydrated food by coating is largely due to the prevention of larger solute 
uptake at high processing temperature, thus contributing dried products with less salt and sugar. 
It may benefit to consumers in healthy way. In addition, this coating treatment will provide   
minimizing structure damage to plant tissues, and preserving color, natural flavor and aroma, and 
any heat sensitive nutrient components.  Osmotic dehydration is effective in preventing 
discoloration of fruit pieces from enzymatic and oxidative browning without using antioxidants 
due to soaking in osmotic solution without contacting with air. Coating prior to osmotic 
dehydration will provide more protective effect for the enzymatic and oxidative browning. 
Another important factor contributing to quality improvement is that preserving the pore 
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structure of the product during osmotic dehydration and hot air drying results improvement in 
quality and shelf-life. Coatings protect natural tissue structure, thus improving texture quality 
and mechanical properties and limiting collapse and cellular disruption.  
 
This research will be useful for the application in osmotic dehydration of fruits and vegetables 
followed by of pasteurization and cold storage, freezing complimentary dehydration (air, 
vacuum, freeze, or microwave). In addition, the combination of coating, osmotic dehydration and 
hot air drying will be useful for the product formulation with better quality in terms of 
mechanical and structural properties. Energy saving may be achieved through the combination of 
coating, osmotic dehydration and hot air drying. First, water is removed in the liquid form during 
OD. Second, the partial removal of water requires less energy to get the desired process 
temperature of the osmotic solution.  Energy consumption for osmotic dehydration, hot air 
drying and recycling the osmotic solutions is found to be less than the energy consumption used 
for hot air drying by other researchers. Therefore, the combination of coating, osmotic 
dehydration and hot air drying  can be applied for saving energy in the production of dried fruits 




Double coatings of SA and LMP with double cross-linking may be able to further reduce solute 
uptake. A feasibility study of the OD and hot air drying process based on food samples with 
double coatings is necessary for a reliable evaluation on if the double-coating can result in 
significantly increased water diffusivity during the OD and hot air drying. Other than hot air 
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drying, other drying methods such as vacuum drying, microwave drying, freeze-drying can be 
studied to investigate the impact of coatings on drying rate and qualities of the product. 
 
In Chapter 6, the effective diffusivity of water was evaluated after the hot air drying at 45°C with 
a constant air velocity and humidity. Studying the effect of different drying temperatures and air 
velocities on the key parameters such as water diffusivity coefficient and evaluating the validity 
of the mass transfer model derived from the analytical solutions of Fick’s Second Law 
accordingly are also of interest. 
 
Following the work reported in Chapters 3, 4, 5 and 6, additional studies could be carried out to 
evaluate rehydration properties of the coated and non-coated apples and potatoes since 
commercially dried coated products are currently not available in the market. Further studies are 
needed to optimize the rehydration properties by evaluating the mechanical properties of the 
coated and non-coated apples and potatoes after a rehydration process. The mechanical 
properties of the rehydrated food products will also be dependent on the temperature and 
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